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ABSTRACT 
Mass flow sensor algorithms were developed for a hay yield monitoring system 
using ultrasonic sensors to measure windrow height. The algorithms indicated accuracies 
of 17.34% to 9.51%, with a wide tolerance to mounting positions. The developed mass 
flow algorithms were used in a nitrogen rate strip test on a 25 ac irrigated Tifton 85 
bermudagrass field. Results suggested that yield, crude protein content and profit was 
maximized with the highest nitrogen rate only during the first harvest of 2017. All other 
harvest suggested a lower rate of nitrogen should be applied in order to maximize profit. 
A second method of measuring hay yield was also developed and tested utilizing sensors 
mounted to spring-loaded bale ramps on round balers. Results from bench tests indicated 
a gyroscope was the most accurate sensor when mounted directly in front of the ramp 
pivot.  
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CHAPTER ONE 
INTRODUCTION 
Hay is a vital crop in American agriculture, from its cash value to those producing 
it, and the necessity of those depending on hay as feed source to livestock. In 2016 hay 
was the third largest crop harvested in the U.S. by acreage, with 22.7 M ha (56.1 M ac) 
harvested (USDA-NASS, 2016). With such a large area of land in the U.S. under hay 
production, proper management of fertilizer and herbicide applications is necessary to 
reduce the impact on the environment. Unlike other major U.S. crops, there are a limited 
number of precision agriculture technologies commercially available to hay producers to 
assist them in managing inputs.  Production of good quality hay requires the additional 
input of crop nutrients into the system if yield and profits are to be maximized. The most 
important and, in many hay fields, the most limiting nutrient is nitrogen. Hay is one of 
the few crops produced for the sole purpose of being used as an input for another 
agricultural production system, that being livestock production. For this reason, 
determining a price value for hay can be difficult and can vary drastically by region and 
time.     
The field of precision agriculture has been existent for more than three decades 
and has been a rapidly developing industry for at least the past decade; however, 
advancements for hay producers seem to be lagging behind those for other crops. Of the 
top nine U.S. crops harvested by acreage in 2016 all have commercially available yield 
monitors, except hay. A study published last year concluded that yield monitoring 
technology ranks number one among all utilized precision agriculture technologies 
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available to farmers (Schimmelpfennig, 2016). A project began at Clemson University’s 
Edisto Research and Education Center in 2014 with the intention of developing a yield 
monitor that could be adaptable to any hay baler regardless of make or model. Many 
sensors and system designs were constructed before settling with a pair of ultrasonic 
sensors from Banner Engineering Inc. (Minneapolis, MN) mounted on the tongue of a 
John Deere 458 baler (Moline, IL), which were used to estimate windrow height and 
relate it to hay mass flow feeding into the baler (Ramsey, 2015). The first task of the 
study presented here was to develop an algorithm that could be utilized on commercially 
available yield monitoring platforms and in turn make the yield monitoring system 
developed by Ramsey more marketable for licensing. The first part of this project covers 
algorithm development in more detail. A key difference between the algorithms proposed 
here and Ramsey’s (2015) algorithms is that the algorithms used in this study are based 
on time-frequencies, whereas Ramsey’s algorithms are based on travel distance-
frequencies.         
Yield monitors can enable growers to manage inputs more efficiently, and one of 
the most important inputs for hay production is nitrogen, particularly for grass hay. 
Bermudagrass hay is one of the most common types of grass hay produced in the 
Southeastern U.S. and requires supplemental nitrogen to produce a good quality stand. 
Nitrogen fertilizer is often applied to grass hay fields at the beginning of the growing 
season and sometimes after each cutting, although this depends on soil texture and the 
type of hay being produced. Applying nitrogen not only increases the yield potential of 
the grass, but it also increases the crude protein (CP) content of the plant. Growing 
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nutritional hay and knowing the CP content is important when determining feed rations 
for livestock. Several studies report the effects of increasing nitrogen rates on the CP 
content and yield of bermudagrass hay. The second part of this study is similar to those 
that looked at the effects of nitrogen on bermudagrass, except a prototype yield monitor 
was utilized here to track yield differences among varying nitrogen rate strips that 
spanned the entire length of the field. This allowed the entire field to be included in the 
study, in hopes of better understanding the interactions of within-field variability and the 
relationship of nitrogen to yield and forage quality. The second part of this project 
explored the relationship of five different nitrogen rates on an established irrigated stand 
of Tifton 85 Bermudagrass.  
      While the researchers at Edisto Research and Education Center were working 
on a yield monitor for hay balers in 2015, they were also designing a weighing system for 
round hay balers that were equipped with hydraulic kicker plates. Knowledge of 
individual hay bale weights is beneficial to both the person growing the hay, and the 
livestock producer who is buying and feeding the hay. Simply knowing the tonnage of 
hay that was removed from a field during one cutting can assist growers in determining 
the amount of nutrients that should be applied back to the field in preparation for 
additional harvests of grass hay. Fair trade for growers and livestock producers benefits 
when hay is sold by the tonnage instead of by the bale because bale sizes can vary. For 
livestock producers who are feeding hay to sustain livestock through the winter months, 
knowing the weight of bales helps determine how much hay should be fed per day and 
how much hay should be stored until pastures begin producing forage again. Ramsey 
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(2015) developed a system for estimating the weight of a round bale as it was ejected 
from the baler on to the kicker plate via a pressure transducer that was installed in 
communication with the cylinder actuating the kicker plate. As a bale made contact with 
the hydraulic kicker plate it would create a spike in the hydraulic pressure with time; this 
spike in pressure was correlated with the weight of the bale. However, not all round 
balers are equipped with hydraulic kicker plates. The majority of the balers on the market 
that do not have hydraulic kicker plates are equipped with spring-loaded bale ramps. For 
this study, it was hypothesized that the rate at which a spring-loaded ramp was forced 
down by a bale was proportional to the weight of the bale being ejected on to the ramp. 
Part three of this project investigated the use of two sensors to measure acceleration and 
angular rate of change of a model ramp as cylinders of various weights were rolled onto 
it. A primary objective was to determine if a ramp-mounted sensor could be used to 
predict the weight of a cylinder as it forced the ramp down.   
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CHAPTER TWO 
 
MASS FLOW ALGORITHM DEVELOPMENT FOR A HAY YIELD MONITOR  
 
 
ABSTRACT  
           
Yield monitors are the most utilized precision agriculture technology among U.S. 
farmers. Prior to this project a yield monitoring system mounted on a hay baler had been 
developed that used a pair of ultrasonic sensors to predict the height of a windrow before 
being fed into the baler. The purpose of this project was to develop an improved 
algorithm that interprets a response recorded on a set frequency from the pair of 
ultrasonic sensors, to mass flow feeding into a hay baler. Two mass flow algorithms were 
compared across four grass types to determine which one produced the lowest error when 
predicting mass flow. The first mass flow equation represented an empirical model while 
the second mass flow equation was more of a physical model and calculated mass flow as 
a function of windrow density. There were no differences in the prediction error of the 
first two algorithms. Two additional mass flow algorithms were developed that contained 
interactions between windrow density and speed, one algorithm also had the known 
moisture content. The algorithms that contained interaction terms resulted in significantly 
lower prediction errors when compared to the first two algorithms; however, the 
inclusion of moisture content is not worth the cost of additional sensors required to obtain 
on-the-go moisture. Two mounting angles of the sensors were tested, one with the 
sensors parallel to the windrow (0°) and one mounting position with the sensors pitched 
12°, allowing the sight of the sensor to look in front of the baler. After analysis of 
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prediction errors for the two mounting positions, there was no difference found between 
them.    
INTRODUCTION 
 The number of farms and the acreage of production farmland across the United 
States are steadily decreasing (USDA-NASS, 2017). This trend coupled with a growing 
world population means farmers must look towards advancements in technology and 
efficiency to meet food needs. There have been numerous innovations in precision 
agriculture technologies over the past decade to help achieve this, with one specific goal 
of optimizing crop input utilization and improve food quality, all while maximizing 
profits for growers. Optimizing input rates of farming operations not only saves the 
producers money, which in turn can save the consumers money; but more importantly it 
also improves stewardship of the land. Whether reducing the amount of pesticides 
applied in a season, only applying nitrogen when and where it is needed, or limiting the 
amount of water used for irrigation, when inputs are properly managed everyone benefits, 
except perhaps the input suppliers. The most widely utilized precision agriculture 
technologies that enable farmers to track the results of manipulating inputs are yield 
monitors (Schimmelpfennig, 2016). Vellidis et al. (2001) referred to yield monitors as, 
“the most essential component of precision farming.” The adoption of yield monitoring 
systems allows growers to determine high and low yielding areas of individual fields, 
thus enabling growers to use site-specific management techniques. Both of the top two 
crops by acreage (corn and soybeans) in the United States (USDA-NASS, 2016) have 
widely adopted the use of yield monitors. In 2010 70% of the U.S. corn crop was 
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harvested with yield monitors (Schimmelpfennig, 2016). Soybean harvest for the 2012 
season was similar to that of corn, with 69% of the total acreage of soybeans harvested 
using yield monitors (Schimmelpfennig, 2016). According to NASS (2016) there were 
22.7 M ha (56.1 M ac) of hay harvested in 2016, which made it the third largest crop by 
acreage behind corn and soybean; and unlike corn and soybean the majority of land 
harvested was done without the implementation of yield monitoring technologies. There 
have been yield monitors developed, although not always commercialized for some of the 
lesser grown or specialty crops, such as: peanuts (Vellidis et al., 2001; Thomasson et al., 
2006), sugar cane (Magalhães and Cerri, 2007), strawberries (Khosro-Anjom et al., 
2015), blueberries (Zaman et al., 2010; Chang et al., 2016), and corn silage/alfalfa (Lee et 
al., 2005; Maharlouie et al., 2013; Long et al., 2016). The yield monitors mentioned 
above utilize a wide variety of sensors from impact plates to cameras in order to collect 
yield data. Some of these yield monitoring systems are not mounted on actual harvesting 
equipment; Zaman et al. (2010) developed a yield monitor system on a motorized vehicle 
that estimates the potential yield of a blueberry crop before it is harvested. While yield 
monitors are crop specific there is one thing that the majority of yield monitoring systems 
have in common, that is the development of an algorithm for interpreting the raw sensor 
responses into yield or mass flow data. Algorithm development is one of the most critical 
aspects of designing a useful yield monitoring system if that system is to be made 
commercially available. For a prototype yield monitor to be interfaced on a generic yield 
monitor platform there are certain qualifications the algorithm must possess, and those 
qualifications vary depending on the generic platform. The end goal in algorithm 
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development is determining what sensor responses to record and manipulate in order to 
give the best estimation of yield.    
As previously mentioned, yield monitors have not been widely implemented by 
hay producers. Hay production in America encompasses a large amount of land and 
requires numerous inputs to produce quality hay. With such a large amount of land being 
under hay production, the introduction of a hay yield monitor could have a significant 
impact on how hay fields are managed if the technology is adopted by growers.    
This study is the follow up of a yield monitor project that began in 2014 at Clemson 
University’s Edisto Research and Education Center located in Barnwell County, SC. 
Ramsey and other researchers at Edisto REC evaluated the use of several different 
sensors mounted on various types of hay harvesting equipment to estimate yield 
(Ramsey, 2015). The T30UXDA ultrasonic sensor by Banner Engineering Inc. 
(Minneapolis, MN) mounted on the tongue of a John Deere 458 (Moline, IL) round baler, 
was found to have the highest resolution of the sensors tested for measuring windrow 
height while the baler was in motion (Ramsey, 2015). In the system developed by 
Ramsey (2015), a LJC18A3 B Z/AX proximity switch was installed at the hub of the 
baler to measure the pass of each wheel stud. Sensor readings for the height of the 
windrow were recorded at the passing of each wheel stud, allowing the distance traveled 
to be calculated and recorded too. Yield was estimated as a function of windrow volume 
from the sensor response of windrow height. Ramsey stated that an accurate global 
positioning system (GPS) could have been used instead of the proximity switch. An 
accurate GPS would have eliminated the need for a distance sensor, and enabled the 
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ultrasonic sensors to read windrow height on a set timing frequency with the stipulation 
that the baler must be in motion. Since generic yield monitoring platforms utilize a GPS 
in order to spatially correlate yield data, it made sense to design a system using a GPS 
instead of a proximity switch.   
The objectives of this study were to: (1) evaluate two mass flow algorithm’s 
derived from the sensor response of the T30UXDA ultrasonic sensor by Banner 
Engineering Inc. (Minneapolis, MN) on a set recording frequency of 1 hz; (2) determine 
the effects of rake timing before baling on the accuracy of mass flow algorithm; (3) 
determine the accuracy of the sensors at two different mounting angles; (4) construct a 
new mass flow algorithm with the known moisture content of the hay as a variable to see 
of it will affect accuracy.      
 
METHODS AND MATERIALS  
Dates of Harvests 
Data collection for this study began in the spring of 2016 on two dry-land hay 
fields. The Banana field was a mix of Coastal (Cynodon dactylon (L.) Pers.), common 
(Cynodon dactylon (L.) Pers.), and Tifton 85 Bermudagrass (Cynodon spp.). The Balk 
field was mostly annual ryegrass (Lolium multiflorum). An irrigated Tifton 85 
Bermudagrass field referred to as B8, and a small alfalfa (Medicago sativa) field were 
also included in the study. Yield data and hay bale weights were collected once from 
harvests on the Balk field and twice on the Alfalfa field. Baling at the Balk field occurred 
on 11 & 12 May. The Alfalfa field was baled on 3 Aug, and 9 Sept; no core samples were 
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collected during either of the alfalfa harvests. There were four harvests each of the 
Banana and the B8 field throughout the 2016 growing season. The Banana field was 
baled on: 11 May, 22 June, 28 July, and 8 Sept. The irrigated Tifton 85 field (B8) was 
baled on: 25 May, 1 July, 17 Aug, and 3 Oct. During the 25 May harvest of B8, half of 
the field was raked one day prior (24 May) to baling to evaluate the effect this would 
have on the mass flow predication of the yield monitor.  
The third and fourth harvest of B8 for the 2016 growing season began on 15 Aug 
and 30 Sept with auto-steer (Trimble Inc., Sunnyvale, CA) used in raking the windrows; 
baling took place on 17 Aug and 3 Oct respectively. Auto-steer was utilized because a 
variable rate nitrogen test was being carried out for the third and fourth harvest of B8. 
The auto-steer AB line swath width used for pulling the rake was set to 5.08 meters 
(16.67 ft); this swath width allowed for the edges of each nitrogen strip to be combined in 
one windrow, while leaving the center 10.16 meters (33.33 ft) of each test strip to be 
raked in two separate windrows. There was one major difference in the raking method of 
these two harvests that utilized auto-steer capabilities. On 17 Aug, raking began on the 
north side of the field with the tractor straddling the first two nitrogen test strip 
boundaries. Traveling east to west, the rake combined the boundaries of each nitrogen 
strip into a single windrow. These windrows were baled as they were formed and the 
bales taken out of the field without being weighed or core sampled. The purpose for 
harvesting in this manner was because of the variable rate nitrogen test being evaluated; 
therefore, the hay that remained untouched in the field was known to be from a single 
nitrogen rate. The remaining hay was harvested by moving north to south in the field. 
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Unfortunately, after analyzing the data from the yield monitor for this harvest it was 
discovered the southern windrow of each nitrogen strip was consistently lower yielding 
than the north windrow from the same strip. For this reason, the 3 October harvest of B8 
was raked beginning on the north side, raking east to west then turning around to rake 
west to east without skipping passes like the 17 Aug harvest. 
 
Harvesting Procedure  
The fields were mowed using a John Deere 926 Moco mower conditioner (John 
Deere, Moline, IL), and teddered with a Krone KW 5.52T (Krone NA Inc., Memphis, 
TN) (5.5m swath width) the day following cutting. The hay was raked with a haymaker 
Bush Hog hay rake with a swath width of 5.2 meters (17 ft), and baled using a John 
Deere 459 baler (John Deere, Moline, IL) equipped with net wrap, which was pulled by a 
John Deere 6330 tractor (John Deere, Moline, IL). The baler was equipped with the 
prototype yield monitor described in Ramsey (2015), with slight modifications made to 
the system (Kirk and Ramsey, 2017). Voltage dividers were added to the 0-10V return 
from the ultrasonic sensors to accommodate a 5V analog input controller. After the first 
two cuttings of 2016 for the B8 and Banana fields, the T30UXDA ultrasonic sensors by 
Banner Engineering Inc. (Minneapolis, Minnesota) were rotated twelve-degrees versus 
the actual sensor face being parallel with the windrow. The ultrasonic sensors remained at 
a twelve-degree pitch for the rest of the 2016 growing season for all fields. Angling the 
sensors forward twelve degrees was done after consulting manufacture’s 
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recommendations, and carrying out a preliminary test before baling the third harvest in 
the Banana field.      
The yield monitor system, when calibrated, can provide on-the-go data collection 
and has the ability to show relative yield across the field even if it is not calibrated. Mass 
flow yield data was post processed in Microsoft Excel after each harvest to provide an 
accurate calibration for individual cuttings and determine the average mass flow error. 
The prototype yield monitor assigns a bale identification number to each hay bale, and 
GPS coordinates of the bale position when it is discharged from the baler. This 
information is exported as an “AllBales” CSV file and used in analyzing individual bale 
weights along with obtaining a wet basis moisture content, and nutrient content for each 
bale.  
 
Collection of Hay Bale Weights and Core Samples  
Not all bales were weighed and core sampled from every harvest due the labor 
required for collecting that data. Only bales weighed during the day of harvest were used 
in this study. Bales were weighed individually on a hay wagon that was resting on four 
Intercomp PT300 mobile truck scales (Intercomp, Medina, MN) in the field immediately 
following harvest, and in some cases while baling operations were being carried out. The 
“Bale Chasing” program that was developed by Ramsey (2015) to reference hay bales 
with GPS coordinates of the location where they were discharged from the baler, was 
also utilized in this study. The “AllBales” CSV file generated by the prototype yield 
monitoring system was imported into the bale chasing program to determine the location 
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of the hay bales. Using the bale chasing program ensured that each bale weighed could be 
used in post processing the yield data in evaluation of the algorithm. Core samples from 
bales were taken with a Colorado Hay Probe (Nasco, Fort Atkinson, Wisconsin), and by 
following the recommended protocol outlined by the National Forage Testing 
Association (Putnam, 2007). Core samples were collected for the purpose of calculating 
wet basis moisture content of each bale and running NIRS analysis to determine 
nutritional value. All core samples were placed in brown paper bags labeled with the 
corresponding bale number assigned in the AllBales CSV file. The bagged samples were 
placed in a dry cooler with a lid to prevent further drying before weights could be 
measured. After all core samples were collected from the bales, they were weighed prior 
to being placed in drying ovens. The core samples were gradually dried down over the 
course of several days at a temperature not exceeding 70°C so the nutrient composition 
would not be altered. When there was no moisture present in the samples, as evidenced 
by weight stabilization, they were removed from the ovens and weighed again to 
determine the moisture content of each bale. Moisture content as a percent wet basis was 
determined by subtracting the dry weight from the wet weight and multiplying by 100, 
then dividing by the wet weight minus the bag weight.    
 
Equations Used in Determining Mass Flow  
There were two mass flow algorithms used in this study to determine which one 
was better for estimating yield coming into the baler. The first equation (MF1) is an 
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empirical linear regression model derived from data in Ramsey’s research study 
(Ramsey, 2015). Equation 1 is as follows: 
3417.2087159.0  SHMF WR1  
where: 
  MF1   is mass flow (kg s
-1
); 
  HWR is height of the windrow (in.) as defined below; 
 S   is baler ground speed (km h
-1
). 
Windrow height was reported in inches and was calculated using the average of the two 
sensor responses:  
86516.2403187.9  SRHWR  
where: 
  SR    is average sensor response (bits). 
The second equation (MF2) is a physically-based regression model that used the 
same data as that for MF1. The second mass flow equation used the windrow density to 
estimate the mass flow that is being collected by the baler. Both equations (MF1 and MF2) 
used speed (km h
-1
) to estimate mass flow. Speed for both equations was determined 
from the GPS on the tractor. The second equation for calculating mass flow is as follows:              
kSρMF WR    2  
where: 
  MF2   is mass flow (kg s
-1
); 
  k is unit conversion constant 0.27778 (m hr km
-1 
sec
-1
); 
 WR  is windrow mass density (kg m
-1
 of windrow length). 
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Windrow density was calculated as:  
56083.0  26785.0  WRWR Hρ  
The windrow height used in Equation 4 to calculate windrow density is the same 
windrow height described in Equation 2.  
 
Development of a new Algorithm for Estimating Mass Flow 
Following all of the hay harvests in 2016, a third mass flow equation was 
constructed in an attempt to improve the accuracy of mass flow prediction. The third 
mass flow equation was developed from 175 bales for which moisture data was also 
collected, for comparison to a fourth mass flow equation with moisture content as a 
factor. Both the third and fourth algorithms were developed using a Stepwise model in 
JMP Pro 12 (SAS Institute Inc., Cary, North Carolina). When excluding moisture content 
as a factor, the stepwise model for developing MF3 indicated windrow density, ground 
speed, and the interaction of the two to be most important in predicting mass flow rate. 
Multiple collinearity was not indicated to be likely in the model (VIF ≤ 10):   
31215.12)]2209.16()2536.5[( 13145.089817.0  79001.03  WRWR ρSρSMF  
where: 
  MF3   is mass flow (kg s
-1
). 
The fourth mass flow model was constructed in the same manner as the third, but 
with moisture content included as a considered factor. Multiple collinearity was not 
indicated to be likely (VIF ≤ 10). 
73465.12)]2209.16()2536.5[( 11711.0)]2209.16()8058.12[( 03680.0
)]2536.5()8058.12[( 09322.089043.082480.0  03040.04


WRWR
WR
ρSρMC
SMCρSMCMF
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where: 
MF4   is mass flow (kg s
-1
);
MC  is moisture content on a wet basis (%). 
Statistical Analysis 
All data analyses were performed using JMP Pro 12 (SAS Institute Inc., Cary, 
North Carolina). A Box-Cox transformation (Rahman and Pearson, 2014) was conducted 
on the absolute predicted errors for comparative analysis of the mass flow equations and 
the sensor mounting angle analysis in order to normalize the data sets. A means 
comparison for one-way ANOVA of mass flow prediction error was conducted on four 
separate analyses: comparing MF1 and MF2, comparing two sensor mounting angles, 
evaluating the accuracy of MF2 on four different grass types, and comparing MF1, MF2 ,
MF3 and MF4. A means comparison was also conducted using Student’s t-test (α=0.05). 
The data displayed in the Results and Discussion section has been left non-transformed.  
RESULTS AND DISCUSSION  
Effects of Time Between Raking and Baling on Mass Flow Prediction 
Raking one day prior to baling resulted in the mass flow being under predicted by 
the yield monitor. When mass flow data was post calibrated for the portion raked a day 
prior to baling, it was not done using the same calibration as the half that was raked the 
day of baling (25 May). Since the height of the windrow is used to predict hay mass flow 
rate and because the windrow settles with time, it was expected that mass flow 
18 
predictions would be underestimated for hay raked a day prior to baling. Mass flow 
equation 1 (MF1) was applied to the sensor data to predict mass flow rates, 33 bales were 
weighed from the portion of the field raked on 24 May, and 10 bales from the portion 
raked on 25 May. Comparison of predicted mass flow rates using the default calibration 
in MF1 to the mass flow rates actually harvested confirmed expectations, yield 
predictions were underestimated when raking was performed one day prior to baling. 
Division of actual mass flow rates by predicted mass flow rates resulted in a calibration 
factor, or scalar multiple of 1.59 for the data raked a day prior to baling and a calibration 
factor of 0.96 for the data raked on the day of baling. These calibration factors were used 
to correct mass flow predictions to create a yield map (Fig. 2.1). Absolute mass flow 
prediction errors were calculated for each bale based on the calibrated mass flow rates 
(Fig. 2.2); the average absolute error for hay raked a day prior to baling was 15.8% and 
the average absolute error for hay raked on the same day as baling was 9.6% (analysis not 
shown). While not conclusive, the data suggested that mass flow prediction errors may 
increase as a function of time between raking and baling, although for most conventional 
hay production systems this should not be a concern because time between raking and 
baling is generally short and consistent. 
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Figure 2.1 Yield map produced from calibrated mass flow values for May 25, 2016 baling of Tifton-85 
bermudagrass to evaluate effect of time between raking and baling. 
Figure 2.2 Actual vs. predicted mass flow rates for the calibrated mass flow prediction data on the test 
where hay was raked a day prior to baling (Rake Day 1, Calibration Factor = 1.59) and where hay was 
raked on the same day as baling (Rake Day 2, Calibration Factor = 0.96). 
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Evaluation of two Equations for Predicting Mass Flow 
There were 545 bales across four grass types and two sensor mounting angle 
positions that were used to determine if MF1 or MF2 was better at estimating mass flow 
into the baler. It was concluded that there is no significant difference between the two 
equations in mass flow prediction error if the data was post calibrated for each cutting. It 
was thought that MF2 was a more robust algorithm because of its physical basis.  
Table 2.1 Comparison of mean absolute prediction error (%) between two mass flow equations used to 
estimate yield for all harvests in 2016 where yield data was post calibrated separately for each cutting, there 
were a total of 545 observations.
[1, 2]
 
Treatment 
Item MF1 MF2 SEM
[3] P- value 
Mean Absolute Error, % 9.43[a]4 8.58[a] 1.07 0.1559 
[1]All harvests of 2016 were used in this analysis  
[2]Absolute Error (%) of an individual mass flow rate prediction was calculated as absolute value of the predicted mass flow minus the 
actual mass flow 
[3]SE (largest) of least squares means 
[4]Means within a row without a common superscript are statistically different (P < 0.05). 
It was assumed that rotating the sensor toward the front of the baler would reduce 
saturation by an exceptionally tall windrow. Also, it was thought that such an adjustment 
would eliminate false readings, i.e. a higher windrow estimate, as the windrow was being 
lifted and fed into the pickup header of the baler, which would result in an over 
estimation of yield. Originally 45 degrees of rotation was considered for the sensor 
placement, but preliminary test results proved that was too severe of an angle to achieve 
an accurate windrow height reading (data not shown). Of the two sensor mounting angles 
tested (0° and 12°), there was no significant difference in absolute prediction error (%) 
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between the two. However, the absolute prediction error was slightly less when the 
sensors were mounted at 12° versus being mounted at 0°.      
Table 2.2 Comparison of mean absolute mass flow prediction error (%) between two sensor mounting 
angles for Tifton 85 Bermudagrass and mixed bermudagrass.
[1, 2]
 
Treatment 
Item 0° 12° SEM[3] P- value 
No. of observations 216 224 - - 
Mean Absolute Error, % 8.72[a]4 8.12[a] 1.10 0.4330 
[1]The sensors were mounted at two angles, first at 0° (horizontal), and then 12° backward with the sensor face toward the tractor  
[2]Absolute Error (%) of an individual mass flow rate prediction was calculated as absolute value of the  predicted mass flow minus the 
actual mass flow 
[3]SE (largest) of least squares means 
[4]Means within a row without a common superscript are statistically different (P < 0.05). 
Mass flow equation 2 (MF2) was the algorithm chosen to determine the accuracy 
of the yield monitoring system across the four different grass types displayed in Table 
2.3. It is important to note the large differences in the number of observations that were 
used in conducting the comparative analysis among the grass types. The number of 
observations and the position of the ultrasonic sensors likely explain the lack of 
significant difference of the absolute prediction error (%) between alfalfa and ryegrass. 
Although, the absolute prediction error for ryegrass was significantly larger than that of 
Tifton 85, the analysis concluded there was no significant difference in the prediction 
errors between alfalfa and annual ryegrass. For all of the ryegrass harvests the sensor 
angle was 0° while the angle was changed to 12° for all of the alfalfa harvests and the 
majority of the Tifton 85 harvests. Sensor angle for the Bermuda Mix grass was split 
between 0° and 12° for the data collected. Because of the lack of significant difference in 
mass flow prediction errors across sensor angles (Table 2.2), it was deemed acceptable to 
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compare accuracies across grass types for different sensor angles. Table 2.3 suggests the 
need for multiple calibrations to reduce the error of the yield monitoring system across 
grass types.   
Table 2.3. Comparison of mean absolute prediction error between four grass types (alfalfa, Bermuda mix, 
ryegrass, and Tifton 85).
[1, 2]
 
Treatment 
Item Alfalfa 
Coastal  
bermudagrass Mix 
Annual  
Ryegrass 
Tifton 85 
bermudagrass 
SEM[3] P- value 
No. of observations 30 160 27 279 - - 
Absolute Error, % 6.73[bc]4 10.40[a] 10.80[ac] 7.35[b] 1.30 0.0004 
[1] All harvests in  the 2016 growing season were at the Edisto REC 
[2]Absolute Error (%) of an individual mass flow rate prediction was calculated as absolute value of the  predicted mass flow minus the 
actual mass flow 
[3]SE (largest) of least squares means 
[4]Means within a row without a common superscript are statistically different (P < 0.05). 
There was a significant improvement in the accuracy of algorithm MF3 developed 
using the last two hay harvests of the Tifton 85 field in 2016, as compared to MF1 and 
MF2. Adding moisture as a factor in the mass flow model (MF4) slightly improved the 
accuracy but it was not a significant improvement like that from MF1 or MF2 to MF3. 
Furthermore, the sensors and costs associated with collecting real-time moisture data may 
not warrant a 0.5% reduction in error. Similar results related to mass flow algorithm 
improvement were demonstrated by Ramsey (2015) when he added moisture as a factor 
to the equation. It is possible that moisture would prove to be more beneficial in the 
equation if multiple grass types containing a wide range of moisture contents were 
analyzed, rather than a single grass type with fairly uniform moisture content throughout 
the field and across cuttings. 
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Table 2.4 Comparison of mean absolute prediction error between four mass flow equations applied to raw 
(un-calibrated) data from two harvests of Tifton 85 hay.
[1, 2]
Treatment 
Item MF1 MF2 MF3 MF4 SEM
[3] P- value 
No. of observations 175 175 175 175 
Mean Absolute Error, % 17.34[a]4 15.48[a] 10.04[b] 9.51[b] 1.22 <0.0001 
[1]Last two harvests of the irrigated Tifton 85 Bermudagrass field at Edisto REC using only bales for which the moisture content and 
weight was known 
[2]Absolute Error (%) of an individual mass flow rate prediction was calculated as absolute value of the  predicted mass flow minus the 
actual mass flow 
[3]SE (largest) of least squares means 
[4]Means within a row without a common superscript are statistically different (P < 0.05). 
SUMMARY AND CONCLUSIONS 
Significant improvements to the mass flow algorithm were made utilizing data 
from early in the 2016 hay season and from the last two harvests of the irrigated Tifton 
85 bermudagrass field. A significant change in prediction error was not observed from 
changing the angle of the ultrasonic sensors responsible for estimating windrow height. 
However, changing the angle of the ultrasonic sensors did not cause a loss of accuracy 
either. So the sensor was left at a 12° pitch for the rest of the 2016 and 2017 hay growing 
seasons. There were noticeable differences in the accuracy of the algorithm among 
varying grass types; however, more thorough studies are needed to eliminate field effects. 
Like Ramsey (2015), we did not find that addition of moisture content as a factor in the 
mass flow algorithm improved accuracy, as we had originally hypothesized. Although a 
superior model (MF3) may exist to MF1 and MF2, by adding an interaction term between 
windrow density and speed, more work should be conducted to determine the robustness 
of MF3 prior to accepting it as superior.     
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CHAPTER THREE 
EFFECTS OF NITROGEN RATE ON IRRIGATED TIFTON 85 BERMUDAGRASS 
ABSTRACT 
Variable rate fertilizer applications are commonly practiced in row crop 
production agriculture. However, this technology has not been widely implemented nor 
studied in hay and forage production.  The majority of forage producers apply a uniform 
rate of fertilizer across the field at the beginning of the growing season and/or after each 
harvest, depending on the forage.  This study was conducted on a 10 ha (25 ac) irrigated 
field of Tifton 85 bermudagrass (Cynodon spp.), where a center pivot covered 6.1 ha (15 
ac), 2.0 ha (5.0 ac) were covered by an endgun, and 2.0 ha (5.0 ac) were not under 
irrigation.  The study began midway through the 2016-growing season, with two cuttings 
left, and continued through the first three harvest of the 2017-growing season, with the 
primary objectives being to determine yield and profit effects of applying varying rates of 
fertilizer. The nutrient tested was nitrogen, which was applied in the form of granulated 
urea (46-0-0). Five rates were applied, beginning at 44 kg ha
-1
 (40 lb ac
-1
) and increasing
by 22 kg ha
-1
 (20 lb ac
-1
) increments to 135 kg ha
-1
 (120 lb ac
-1
) in 15 m (50 ft) wide,
fixed rate strips.  Each rate was applied in three replicates in a random block design for a 
total of 15 test strips.  Yield was analyzed using a prototype hay yield monitor equipped 
on a round baler. The greatest yield response to increasing nitrogen rates was observed 
during the first harvest of 2017 as the grass was coming out of dormancy. Yield 
responses were not consistent between harvests, meaning individual harvest throughout a 
growing season should be managed independently of one another. Crude protein (CP) 
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content increased with higher nitrogen rates for every harvest, as did the moisture content 
of the hay at the time of baling. Returns above nitrogen cost were calculated using yield 
and price (based on CP content from a linear regression model derived from USDA hay 
auction data over a two-year period). The most profitable nitrogen rate was 66 kg ha
-1
(60
lb ac
-1
) during the fourth harvest of 2016, and the second harvest of 2017. Only for the
first harvest of 2017 was the 135 kg ha
-1
 (120 lb ac
-1
) nitrogen rate the most profitable.
During the third harvest of both growing seasons, the lowest nitrogen rate had the highest 
returns above nitrogen cost, inferring the same harvest of different growing season have 
similar yield trends in response to nitrogen.       
INTRODUCTION 
The impetus for this study originated with the development of a prototype hay 
yield monitor in the spring of 2016. This prototype was developed and tested at Clemson 
University’s Edisto Research and Education Center (EREC) located in Barnwell County, 
South Carolina.  The yield monitor proved to be capable of generating a yield map of the 
irrigated Tifton 85 bermudagrass (Cynodon spp.) field in May of 2016. This led to 
discussions about investigating ways that hay growers could potentially benefit from the 
new technology. According to NASS (2016) there were 21.6 M ha (53.5 M ac) of hay 
harvested in the United States in 2016, making it the third largest crop by acreage behind 
corn (35.1 M ha) and soybean (33.5 M ha). Many corn and soybean growers have 
integrated yield monitors into their operations and realize the benefits of yield maps to 
their operations.      
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The yield maps generated by a yield monitoring system can be used to prescribe a 
variable rate of fertilizer, particularly nitrogen, over a field to optimize yield response. 
Nitrogen is essential for the development of proteins in plants and in most row crop or 
hay fields nitrogen is deficient and will limit plant growth and subsequent yields 
(Robertson and Vitousek, 2009). Varying inputs across a field is also referred to as site-
specific management (SSM) and can be based off of soil analysis or historical yield data 
from that field (Plant, 2001). Early reports of corn and wheat yield differences related to 
varying soil series throughout a field were documented in 1990 by Karlen et al.; however, 
after the four-year study it was determined that more research would be needed to 
understand the effects of different soil series on yield. Since the turn of the 21
st
 century,
variable rate nitrogen studies based on different soils have been carried out in corn fields 
to determine the optimal rate for a specific site based on profitability (Koch et al., 2003; 
Scharf et al., 2005). However, no studies were found in the literature for hay production. 
While SSM or site-specific farming (SSF) can be profitable, the degree to which it is 
profitable can vary from field to field and is dependent on the farming operation (Swinton 
and Lowen-DeBoer, 1998). There have been numerous studies conducted on the yield 
and quality of bermudagrass (Cynodon dactylon (L.) Pers.) as a function of applied 
nitrogen (Burton and Jackson, 1962; Silveira et al., 2007; Alderman et al., 2011; Stone et 
al., 2012; Sohm et al., 2014; Anderson et al., 2016), but none of these studies suggest 
SSM or SSF such as that performed in row crops.   
Unlike row crops that are only harvested once in a season, bermudagrass can be 
harvested for hay multiple times in a season if properly managed (Sohm et al., 2014). The 
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Tifton 85 field at EREC, where this study was conducted, is generally harvested four 
times a year between May and October; cutting intervals of the field are between five and 
seven weeks depending upon weather conditions. A two-year study conducted by Stone 
et al. (2012) looked at the effects of irrigation, nitrogen rates, and harvest intervals on the 
yield and quality of Tifton 85 bermudagrass. They found that the average crude protein 
content (CP) for the eight-week harvest was 8.3%, while the average CP content for the 
four-week harvest was 12.1%. Mandebvu et al. (1999) also reported higher nutritional 
value of Tifton 85 that is harvested between three to five weeks of growth, rather than six 
to eight weeks. Intensive production of hay requires a large quantity of inputs, one of the 
most important and expensive being fertilizer, especially nitrogen. Both the timing of 
nitrogen applications and the rate at which it is applied can affect yield and quality of 
bermudagrass hay (Burton and Jackson, 1962). The current practice for applying nitrogen 
on hay fields is to apply one uniform rate across the entire field. For small fields, a 
uniform rate application might be reasonable; however, for large fields, soil textures and 
nutrient needs for plants can demonstrate a great deal of spatial variability (Silveira et al. 
2007). Fertilizer applications can be applied once at the beginning of a growing season, 
or split and applied between harvests. The number of applications is dependent upon soil 
texture, and the type of fertilizer applied (Silveira et al., 2007).      
Conducting nitrogen tests on forage can be challenging if the forage or hay grown 
is being fed to livestock, as is the case for most hay operations. Forage and hay 
operations that are in place to provide feed for livestock are not only concerned about 
applying nitrogen to maximize yield or optimize profitability, but also growing highly 
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nutritious quality grass, an important factor for animal growth and development. Burns et 
al. (2009) found that increasing nitrogen application rates up to 303 kg ha
-1
 (270 lb ac
-1
) 
on T44 and Coastal bermudagrass (Cynodon dactylon (L.) Pers.) pastures had a positive 
linear correlation with the weight gain of grazing steers. Determining the nutritional 
value of hay has become routine with advancements in near-infrared spectroscopy 
(NIRS) technology, but placing a price on quality can be very difficult. Since hay 
production is dependent upon weather conditions, hay prices can fluctuate regionally as a 
function of supply and demand. Regardless of the price placed on hay at a given time, in 
order to produce and grow quality hay, nitrogen must often be applied. A four-year study 
conducted on Tifton 85 bermudagrass in Tifton, Georgia found that crude protein 
concentrations and In Vitro digestibility was positively correlated with increasing 
nitrogen rates from 224 to 784 kg ha
-1 
yr
-1
 (200 to 667 lb ac
-1
 yr
-1
) during each harvest 
(Anderson et al., 2016). However, they also concluded that without a price premium 
placed on higher quality hay, higher nitrogen rates are not justified after yield increases 
are met. Anderson et al. (2016) determined maximum profitability for nitrogen 
application of Tifton 85 was between 336 to 448 kg ha
-1
 (300 to 400 lb ac
-1
 yr
-1
). A two-
year study in Gainesville, Florida also found the regrowth of Tifton 85 was not improved 
by nitrogen applications over 90 kg ha
-1
 (80.3 lb ac
-1
) applied after each harvest; there 
were four harvests on 28 day intervals from July to October (Alderman et al., 2011).  
The objectives of this study were to: (1) determine the effects of 5 different 
nitrogen rates on yield, crude protein content, and moisture content for an irrigated stand 
of Tifton 85 bermudagrass; (2) determine the returns above nitrogen cost on an irrigated 
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stand of Tifton 85 bermudagrass as a function of nitrogen rate, yield, and crude protein 
content; and (3) assess the suitability of varying nitrogen management decisions 
throughout a growing season on a by cutting basis. 
METHODS AND MATERIALS 
On 27 May 2016 the first variable rate nitrogen plan was applied to the field 16 
days after the first harvest, this nitrogen plan had three different rates: 90, 112, and 135 
kg ha
-1
 (80, 100, and 120 lb ac
-1
). Muriate of potash (0-0-60) was also spread over the
field at the same time at a uniform rate of 135 kg ha
-1
 (120 lb ac
-1
) rate as K2O. Each
nitrogen rate was applied in a band 15-m wide (50 ft) and replicated four times across the 
field. The data from the second harvest is not presented in this paper. When these 
variable rate nitrogen strips were harvested, there was likely not a sufficient range among 
rates to quantify limiting effects of nitrogen on yield. It was also determined that a 
method of raking hay would need to be established in order to guarantee nitrogen test 
strips were not crossed during the harvest so that yield data analysis would be more 
robust. This led to adding two lower rates of 45 and 67 kg ha
-1
 (40 and 60 lb ac
-1
) as part
of the study that is presented here, and warranted the use of a tractor guided by auto-steer 
during raking. Auto-steering along sequential passes also ensured consistency in effective 
rake width for each windrow.  
This variable rate nitrogen test was conducted on the last two hay harvests of the 
2016 growing season, and all three harvests of the 2017 growing season for the irrigated 
Tifton 85 at EREC. Rather than the standard plot design that has been used in most hay 
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nitrogen studies, this study encompassed field length strips in a 10 ha (25 ac) field. An 
irrigation pivot was in the center of the field, which covered 6 ha (15 ac), with an 
additional area of 2 ha (5 ac) covered by an end gun, leaving 2 ha (5 ac) outside of 
irrigation. Only the area under the irrigation was included in the results presented in this 
study. The field consists of an intensively managed stand of Tifton 85 bermudagrass that 
has been in production since 2008. Prior to the year 2016, fertilizers were applied to the 
field at 112 kg-N ha
-1 
(100 lb-N ac
-1
) and 112 kg-K2O ha
-1
 (120 lb-K2O ac
-1
) as uniform
rates at the beginning of each growing season and between cuttings. During the study, 
nitrogen in the form of granular urea (46-0-0) was the only plant nutrient varied between 
treatments. Muriate of potash (0-0-60) was also applied at the same time as the nitrogen 
but it was applied at a uniform rate of 112 kg-K2O ha
-1
 (120 lb ac
-1
) in excess of
recommendations in the conclusions of Anderson et al. (2016), so that it would be non-
limiting. A John Deere 7330 (Moline, IL) equipped with auto-steer (Trimble Inc., 
Sunnyvale, CA) was used in all fertilizer applications. The spreader used throughout the 
study was a Chandler 9-PT-FT (Chandler Equipment Company, Gainesville, GA) with a 
15.24 m (50 ft) swath width equipped with a GreenStar dry rate controller (John Deere, 
Moline, IL); all test strips ran east-west along the 350 m length of the field. The rate 
controller was operated using a John Deere 2630 display (Moline, IL) to ensure the 
correct fertilization rates were applied to the strip assignments, which were arranged in a 
randomized block design.  
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Harvesting Procedure 
Harvest procedure for the field was as follows: (1) cut using a John Deere 926 
Moco mower conditioner (Moline, IL); (2) teddered with a Krone KW 5.52T (Krone NA, 
Inc., Memphis, TN) the day following the cutting; (3) raked with a Bush Hog (Selma, 
AL) BSR10 hay rake with an effective width of 5.08 m (16.67 ft), pulled with a John 
Deere 7330 equipped with Trimble auto-steer; and (4) baled using a John Deere 459 baler 
(Moline, IL) equipped with net wrap, which was pulled by a John Deere 6330 tractor 
(Moline, IL). The auto-steer swath width used for pulling the rake was set to 5.08 m 
(16.67 ft); the position of the AB line and this swath width allowed for the edges of each 
adjacent test strip to be merged into one windrow, while leaving the center 10.16 m 
(33.33 ft) of each test strip to be raked into two separate windrows. The baler was 
equipped with a prototype yield monitor developed by Clemson University (Kirk and 
Ramsey, 2017). The yield monitor system provided on-the-go data collection. Data 
acquisition software written in Microsoft Visual Studio assigned a bale identification 
number to each hay bale along with GPS coordinates of the bale position when it was 
discharged from the baler. This information was exported as a comma-delimited text file 
and used in analyzing and collecting individual bale weights and bale core samples. A 
select number of bales produced were weighed on mobile truck scales in the field, 
immediately following each harvest. Weighing bales provided a way to post-process 
calibrate the yield monitor. 
On 7 July and 24 Aug 2016, nitrogen fertilizer was spread in the form of urea (46-
0-0), following the harvests on 1 July and 17 Aug, respectively. Five different rates were
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applied in three replications of a randomized block design; the rates were: 45, 67, 90, 
112, and 135 kg-N ha
-1
 (40, 60, 80, 100, and 120 lb-N ac
-1
) (Figure 3.1). Harvesting
operations for the third and fourth harvest of the 2016 growing season began on 15 Aug 
and 30 Sept using the methods and equipment described above; the field was baled on 17 
Aug and 3 Oct. There was one major difference in the raking method of the two harvests. 
On 17 Aug, raking began on the north side of the field and moved southward, raking only 
the passes along the boundaries of each nitrogen strip, which resulted in windrows spaced 
at 15.24 m (50 ft) with 10.05 m (33 ft) of unraked hay between the windrows; these 
windrows were baled as they were formed and the bales taken out of the field without 
being weighed or core sampled. By harvesting in this manner, the hay that remained 
unraked in the field was known to be from a single nitrogen rate. The remaining hay was 
harvested by moving north to south in the field.  Unfortunately, after analyzing the data 
from the yield monitor for this harvest it was discovered the southern windrow of each 
nitrogen strip was consistently lower yielding than the northern windrow from the same 
test strip (Figure 3.2). This resulted from the northern windrow in each pair being from a 
5.15 m (17 ft) effective rake width and the southern windrow in each pair being from a 
4.88 m (16 ft) wide effective rake width. After this realization, the 3 Oct harvest was 
raked beginning on the north side of the field moving south, in sequential order of passes 
so that effective rake width was the same for each pass. The yield data from rake passes 
that merged the boundaries of adjacent strips was later excluded from the yield data set 
for analysis. During the 17 Aug harvest there was an issue in operation of the yield 
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monitor, which resulted in a loss of nearly one third of the yield data as seen in Figure 
3.2.   
Figure 3.1 Five different nitrogen rates repeated three times across the field and arranged in a randomized 
block design. Strips marked with an X were not part of the test. 
Figure 3.2 Yield map from the 17 Aug 2016 harvest where gaps between parallel lines of yield data points 
are the result of raking and baling test strip boundaries. The southern (bottom) windrow in each pair of 
windrows is consistently lower yielding than the windrow above it to the north. 
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2017 Harvest and Fertilizer Dates 
On 13 Feb 2017 a prescribed burn was conducted on the field to eliminate thatch 
accumulation. On 4 Apr 2017 fertilizer was applied in the same manner as the last two 
harvests of 2016. One quart ac
-1
 of Graslan L (picloram and 2,4-D) was applied for weed
control on 8 Apr. The first cutting of 2017 occurred on 26 May with baling on 28 May. 
Fertilization of the field occurred on 31 May for preparation of the second harvest of 
2017 which was cut on 12 July, and baled on 14 July. After the field was cut on 12 July a 
heavy rain (0.74 in.) occurred over the field. Fertilizer application after the second 
harvest was delayed until 24 July, which was ten days after baling and the longest time 
between baling and applying fertilizer of any harvest. The third and final cutting of 2017 
took place on 4 Sept with the baling carried out the next day on 5 Sept without a day in 
between for drying. Unfortunately, equipment issues with the John Deere 926 Moco 
mower conditioner occurred right before the last cutting of 2017 that resulted in the 
conditioning rollers of the machine being removed. This likely also contributed to higher 
moisture content observed during the last harvest of 2017.  
Sampling Individual Bales 
Core samples were taken from each bale in the test by following the 
recommended protocol outlined by The National Forage Testing Association (NFTA) for 
the purpose of calculating moisture content, and conducting NIRS analysis to determine 
nutritional value (Putnam, 2007). Rather than sampling a single lot of hay as outlined in 
the NFTA protocol, individual bales were sampled and the cores kept separate. All core 
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samples were placed in brown paper bags labeled with the corresponding bale number, 
and the bags were placed in a dry cooler with a lid to prevent further drying before as-
harvested weights could be measured. After all core samples were collected from the 
bales, they were weighed prior to being placed in drying ovens, this occurred within six 
hours of sample collection. The core samples were gradually dried down over the course 
of five days at a temperature not exceeding 70
o
C so the nutritional quality would not be
compromised prior to NIRS analysis. When there was no moisture present in the samples 
as evidenced by weight stabilization, they were removed from the ovens and weighed 
again to estimate the moisture content of each bale. Dried samples were ground with a 
Cyclotec 1093 Sample Mill (Foss North America, Eden Prairie, MN) equipped with a 
1 mm screen. The samples were placed in Whirl-Pak samples bags immediately after 
grinding. Ground samples were analyzed using a Perten DA 7250 NIRS instrument 
(Hagersten, Sweden). There was not a Tifton 85 Bermudagrass curve available for the 
NIRS machine so a standard “Haylage” curve was provided from Perten. After 
conducting NIRS on all of the samples from the 2016 growing season, 25 samples were 
selected to send to DairyOne forage testing laboratory (Ithaca, NY) for wet chemistry 
analysis. The wet chemistry analyses were used to calibrate the NIRS results for crude 
protein (CP), acid detergent fiber (ADF), and neutral detergent fiber (NDF); only crude 
protein is discussed here.  
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Soil Analysis 
There is a substantial cost difference between soil texture analysis and soil 
electrical conductivity (EC) data collection. EC data can be obtained for around $25 ha
-1
($10 ac
-1
), while the cost of soil texture at a 0.40 ha (1 ac) resolution can be $74 ha
-1 
($30
ac
-1
). Soil EC data was obtained for the field using a Veris 3100 (Veris Technologies Inc.,
Salina, KS.) with the following output: shallow EC, deep EC, true deep EC, and 
elevation. Each output from the soil EC point dataset was divided equally into seven 
zones that were then contoured across the field using Farm Works Software (Trimble 
Inc., Sunnyvale, CA). Soil texture and organic matter was determined using the methods 
described by Huluka and Miller (2014); samples consisted of 15.24 cm (6 in.) depth soil 
samples collected from a 46 m (150 ft) sampling grid for a 0.2 ha (0.5 ac) resolution. Soil 
texture is reported as percent sand, silt, and clay. Organic matter content was determined 
on the same soil samples using the method outlined by Zhang and Wang (2014). 
Contoured soil texture and organic matter zones were created for the hay field in the 
same manner as soil EC zones, using Farm Works Software.  
Protein and Moisture Distribution 
A limited number of bales fell solely within one nitrogen test strip and within the 
irrigation boundary. Additionally, each bale only generated a single moisture and protein 
value, despite being collected from a large area. For these reasons, regression functions 
for spatially distributing protein and moisture values were calculated for each cutting. 
These functions were applied to the positions of the point yield data of each cutting, 
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along with the contoured soil EC, soil texture, and soil organic matter zones. Creation of 
the distribution regression models began by using the subtotal tool in Microsoft Excel; a 
“by bale average spreadsheet” was generated for each cutting that contained the average 
speed, calibrated wet yield, moisture content, sand content, silt content, clay content, 
nitrogen rate, shallow soil EC, deep soil EC, true deep soil EC, elevation, organic matter, 
and irrigation for each individual bale. A separate regression model was constructed for 
each cutting using the averages of each bale for protein and moisture distribution across 
the yield point datasets for each bale. The protein and moisture distribution equations for 
each cutting can be viewed in Appendix A.  
Determining a Hay Price as a Function of Protein Content  
Hay auction reports from all across the nation from 1 Oct 2015 until 12 Oct 2017 
retrieved from USDA-AMS (https://marketnews.usda.gov/mnp/ls-report-config) were 
used in determining a price equation for hay as a function of protein content. There was a 
combined total of 8256 entries of alfalfa and grass hay. Any bids that were reported on a 
by bale price, and any bids less than $75 were deleted from the report. This left only the 
bids known to be reported on a price per ton basis, which included a total of 6039 entries. 
Of the 6039 entries, 2313 entries were for grass hay, and the remaining 3726 entries were 
alfalfa hay. Each entry included a low and high bid, the average bid ($ ton
-1
) was
calculated from the low and high bid entries of the generated report. Using the average 
bid ($ ton
-1
) of fair grass hay (5-9% CP), good grass hay (9-13% CP), and premium grass
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hay (over 13% CP), a linear regression equation was derived for predicting dollars ton
-1
based on % CP: 
48.108661.3  CPV
where: 
V  is value of hay ($ ton
-1
);
CP is crude protein (%). 
Figure 3.3 The linear regression model that was constructed from USDA-AMS data for the average bid 
price ($ ton
-1
) of grass hay based on the quality grading of grass hay, which is determined by the crude 
protein %.   
Returns above Nitrogen Cost 
All input costs, other than nitrogen rates, were the same throughout the field. The 
average price of urea was calculated to be $0.31 lb-N
-1
 and applied at that cost for all
cuttings. Dry yield was determined on a U.S. ton ac
-1
 basis and adjusted up to 15%
moisture content, this is referred to as market yield. In the economic analysis performed 
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by Anderson et al. (2016), dry yield of hay was adjusted to 15.5% moisture content to 
represent the amount of hay a grower would be selling at market prices. Market price ($ 
ton
-1
) was determined as a function of % CP from Equation 1 and multiplied by the
distributed market yield to determine revenue ($ ac
-1
). Returns above nitrogen cost ($ ac
-
1
) were calculated by subtracting the cost of nitrogen ($0.31 lb-N
-1
) from the revenue
figure for each yield data point.      
Statistical Analyses 
All data analyses were performed using JMP Pro 12 (SAS Institute Inc., Cary, 
NC). A Box-Cox transformation was conducted on the distributed protein and distributed 
moisture values in order to normalize the data sets (Rahman and Pearson, 2014). After 
the transformation, outliers for distributed protein and distributed moisture were 
eliminated using the IQR rule, separately by cutting. The calibrated wet yield data was 
also normalized using a Box-Cox transformation with a lambda value of 0.3. Outliers 
were excluded by cutting for the transformed calibrated wet yield data. A means for one-
way ANOVA was conducted on the transformed calibrated wet yield, transformed 
distributed protein, and transformed distributed moisture data for each cutting, by 
nitrogen rate. A means comparison test was also conducted using Student’s t-test 
(α=0.05). The data displayed in the Results and Discussion section has been 
untransformed.  
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RESULTS AND DISCUSSION 
Yield Response to Varying Nitrogen Rates 
The overall wet yield from all five cuttings showed an increasing yield response 
to higher nitrogen rates that were statistically different when compared using Student’s t-
tests (α=0.05) as shown in Table 3.1. However, when the wet yield was analyzed by 
cutting, only the first cutting of 2017 shared a similar trend to the overall one-way 
analysis. Generally, yield response to nitrogen diminished as the growing season 
progressed. During the first cutting of 2017 annual ryegrass (Lolium multiflorum) was 
present across the field which could have caused the strong yield response to increasing 
nitrogen rates. There were no statistical differences in wet yield between nitrogen rates 
for the third cutting of 2016, which may be suggestive of a residual N effect since this 
was the first application of the N rates used in this study. Out of all of the cuttings, the 
third cutting of 2016 was the second highest yielding (Figure 3.4); but not significantly 
less than cutting two of 2017, which showed no significant differences between the three 
middle nitrogen treatments. The fourth cutting of 2016 demonstrated a significant 
difference between three of the nitrogen rates with the 100 lb-N ac
-1
 averaging the highest
yield at 4045 lb ac
-1
; the 120 lb-N ac
-1
 and 60 lb-N ac
-1
 rates averaging 3976 lb ac
-1
 and
3953 lb ac
-1
 respectively; and the 80 lb-N/ac along with the 40 lb-N ac
-1
 rate averaging
the lowest yield at 3800 lb ac
-1
 and 3802 lb ac
-1
, respectively. The overall yield for the
fourth cutting of 2016 was the lowest of all cuttings combined with an average yield of 
3916 lb ac
-1
 (Figure 3.4). Lower yields for the last cutting of the growing season were
also observed by Alderman et al. (2011) in Gainsville, FL for two consecutive years. It 
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can be speculated that lower temperatures negatively affected nitrogen use efficiency of 
the grass, which might explain the lack of correlation between increasing nitrogen rates 
and increasing yields. The last cutting of 2017 (3
rd
 cutting) did show an increasing wet
yield response to increasing nitrogen from 100 lb-N ac
-1
 to 120 lb-N ac
-1
; however, there
were no significant differences in the 100, 80, and 40 lb-N ac
-1
 rates. The 60 lb-N ac
-1
rate had a significantly lower average yield than any other rate.  
Equipment complications with the mower could have had an effect on the 
reported yield for third harvest of 2017. Possible weed pressure during some cuttings, 
varying length between cuttings, and different growing degree days (GDD) (Table 3.2) 
make it difficult to compare cuttings within a growing season. Nitrogen test strips were 
kept in the same location of the field, which leads to the possibility of nitrogen 
accumulation in the higher rate areas affecting yield over time, although it is unlikely 
considering the soil regime. There was a noticeable amount of weeds (mostly yellow 
nutsedge) during the last cutting of 2017 in areas of the lowest nitrogen test strips. It is 
possible that yellow nutsedge out-competed the Tifton 85 in these areas because of (1) 
poorly drained soils or (2) the lack of nitrogen over the course of a year in the same area 
weakened the Tifton 85 stand, making it susceptible to weed encroachment. The 
significant overall yield differences displayed in Figure 3.4 and the varying response of 
yield to nitrogen within cuttings, suggest nitrogen management decisions should be made 
cutting to cutting and treated independently by cutting. 
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Table 3.1 Comparison of mean calibrated wet yield (lb ac
-1
) across the five nitrogen rates for each harvest. 
Treatment 
Item 
40 lb-N ac-
1
60 lb-N ac-
1
80 lb-N ac-
1
100 lb-N ac-
1
120 lb-N ac-
1
SEM[1
] P- value 
2016 Cut 3  
  No. of observations 367 433 770 774 641 
  Calibrated Wet Yield, lb ac-
1   6025[a]
2 6032[a] 5963[a]  6072[a]   6038[a] 1.1 0.412 
2016 Cut 4 
  No. of observations 595 634 600 622 574 
  Calibrated Wet Yield, lb ac-
1   3802[c] 3953[b] 3800[c]  4045[a]   3976[b] 1.1 <0.0001 
2017 Cut 1 
  No. of observations 559 620 605 590 568 
  Calibrated Wet Yield, lb ac-
1   3188[e] 3930[d]  4494[c]  5180[b]   5504[a] 1.1 <0.0001 
2017 Cut 2 
  No. of observations 600 670 659 672 723 
  Calibrated Wet Yield, lb ac-
1   5827[c] 6102[b]  6055[b]  6064[b]   6257[a] 1.1 <0.0001 
2017 Cut 3 
  No. of observations 536 677 609 629 622 
  Calibrated Wet Yield, lb ac-
1   5040[b] 4877[c]  5008[b]  5033[b]   5158[a] 1.1 <0.0001 
Overall 
  No. of observations   2657 3034  3243  3287   3128 
  Calibrated Wet Yield, lb ac-
1   4592[e] 4864[d]  5075[c]  5288[b]   5394[a] 1.1 <0.0001 
[1]SE (largest) of least squares means 
[2]Means within a row without a common superscript are statistically different (P < 0.05). 
Figure 3.4 Overall calibrated wet yield in pounds per acre from each cutting, across nitrogen rates. Values 
with different letters represent significant differences (P<0.05). 
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Table 3.2 Growing Degree Days and irrigation amount of each cutting. 
Factor 
Item Days Between Cuttings GDD[1] Irrigation[2] Rainfall[2] Total water[3] 
2016 Cut 3 44 1062.75 5 6.38 11.38 
2016 Cut 4 43 828.85 2.85 9.55 12.4 
2017 Cut 1 101[4] 789.55 2 12.76 14.76 
2017 Cut 2 44 856.25 2.6 4.7 7.3 
2017 Cut 3 51 1081.4 2.75 4.61 7.36 
[1]Growing Degree Days (GDD) calculated with a base temperature of 15°C (59°F) 
[2]Irrigation or rainfall in inches applied during the growing period, irrigation applied via a center pivot 
[3]Irrigation plus rainfall for each growing period represented as total inches of water applied 
[4]Days from the burn off of the field which occurred on 13 Feb 2017 
Crude Protein Response to Varying Nitrogen Rates 
Overall the crude protein (CP) concentration for each cutting had an increasing 
response to higher nitrogen rates, with each nitrogen rate increase resulting in a 
significantly higher concentration of CP (Table 3.3). Other studies conducted on CP 
responses of Tifton 85 bermudagrass to increasing nitrogen fertilizer rates had similar 
results (Alderman et al., 2011; Woodard and Sollenberger, 2011; Stone et al., 2012; 
Anderson et al., 2016). The overall highest CP concentrations were observed during the 
first cutting of 2017, which is likely a result of the annual ryegrass that was infesting the 
field. The lowest CP concentrations occurred during the third cutting of 2017. Stone et al. 
(2012) reported a decrease in the average CP of Tifton 85 Bermudagrass from 12.1% 
with a four-week cutting interval to 8.3% with an eight-week cutting interval. This likely 
explains the significant decrease in the average CP concentration for the third cutting of 
2017 since there were 51 days between the second and third cutting of 2017; yet 
significant increases in CP among increasing nitrogen rates were still observed for this 
cutting. 
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Table 3.3 Comparison of mean Crude Protein (%) across the five nitrogen rates for each harvest. 
Treatment 
Item 40 lb-N ac-1 60 lb-N ac-1 80 lb-N ac-1 100 lb-N ac-1 120 lb-N ac-1 SEM[1] P- value 
2016 Cut 3  
  No. of observations 399 492 842 808 694 
     Crude Protein, % 9.4[e]2 9.8[d] 10.5[c] 11.0[b] 11.5[a] 1.01 <0.0001 
2016 Cut 4 
  No. of observations 603 683 602 633 558 
  Crude Protein, % 11.4[e] 11.9[d] 12.4[c] 12.9[b] 13.5[a] 1.02 <0.0001 
2017 Cut 1 
  No. of observations 585 645 637 582 613 
     Crude Protein, % 13.3[e] 13.8[d] 14.6[c] 15.0[b] 16.1[a] 1.03 <0.0001 
2017 Cut 2 
  No. of observations 620 755 680 656 750 
  Crude Protein, % 12.0[e] 12.8[d] 13.7[c] 14.5[b] 15.4[a] 1.01 <0.0001 
2017 Cut 3 
  No. of observations 513 646 633 669 633 
     Crude Protein, % 8.3[e] 8.9[d] 9.5[c] 9.9[b] 10.9[a] 1.03 <0.0001 
Overall 
  No. of observations   2720 3221  3394  3348   3248 
  Crude Protein, % 11.0[e] 11.6[d] 12.0[c] 12.5[b] 13.5[a] 1.02 <0.0001 
[1]SE (largest) of least squares means  
[2]Means within a row without a common superscript are statistically different (P < 0.05). 
Effect of Varying Nitrogen Rate on Bale Moisture Content 
Bale moisture responded similarly to higher nitrogen rates the same way that CP 
concentrations did. For every increase in nitrogen applied there was a statistical increase 
in the moisture content of the hay bale (Table 3.4); with the only exception being the 
fourth cutting of 2016 between the 100 and 120 lb N ac
-1
 rates where no statistical
difference was observed. Since the cutting and baling procedure for each harvest was 
carried out in the same manner, and environmental conditions were the same across the 
field, it can be assumed that the main cause of higher moisture content among the higher 
nitrogen rates was the increase in nitrogen rate. The data in Table 3.4 suggest 
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considerations should be made for different drying times in the areas where variable rate 
nitrogen is applied. A possible solution to evening out the moisture content in a field 
where variable rate nitrogen is applied would be to cut the areas fertilized with a high rate 
of nitrogen first and bale those areas last so they have the longest drying time. 
Unfortunately, the way in which variable rate nitrogen would be applied would normally 
not be in straight, even 50 ft wide passes that continue the full length of a field. In most 
cases variable rate fertilizer applications follow zones derived from soil maps, historical 
yield maps, irrigation boundaries, or some other form of field data. Cutting and baling in 
accordance with zones rather than a full field would increase harvest time and be more 
challenging on the baler operator because of curved windrows.     
Figure 3.5 displays the overall mean moisture content of bales for each cutting. 
While the purpose of this portion of the study was not to identify the factors affecting 
moisture content, we can speculate about the causes of the low moisture content for the 
2016 fourth cutting and the higher moisture bales of the second and third cutting in 2017. 
For every harvest there was one full day of drying between cutting and baling; except for 
the fourth cutting of 2016 where there were two full days of drying, and the third cutting 
of 2017 where baling occurred the day following the cutting. Different drying day 
intervals will certainly affect moisture content of hay, as do other environmental factors 
like temperature, humidity, wind, and rain. A rain occurred right after the field was cut 
for the second harvest of 2017, probably caused the increase in moisture content of the 
bales for that harvest. It is believed that the low moisture of the 2016 fourth cutting was 
caused by the extended drying time. As previously mentioned, equipment difficulties 
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with the mower conditioner could have resulted in the high moisture seen in cutting three 
of 2017, and baling the day following cutting certainly did not alleviate high moisture. 
Managing the moisture content of baled hay is a critical part of harvesting operations 
when silage wrapping bales is not an option. It is commonly known among equipment 
operators and forage producers that higher yielding areas of a field will take longer to dry 
down to an acceptable baling moisture than other lower yielding areas of the same field. 
The data collected here suggest that areas which receive high rates of nitrogen will take 
longer to dry out regardless of whether an increase in yield is observed or not.    
Table 3.4 Moisture content (%) across the five nitrogen rates for each harvest. 
Treatment 
Item 40 lb-N ac-1 60 lb-N ac-1 80 lb-N ac-1 100 lb-N ac-1 120 lb-N ac-1 SEM[1] P- value 
2016 Cut 3  
  No. of observations 399 492 860 855 701 
     Moisture Content, % 10.3[e]2 11.1[d] 12.3[c] 13.6[b] 13.7[a] 1.00 <0.0001 
2016 Cut 4 
  No. of observations 617 689 589 641 609 
  Moisture Content, % 10.9[d] 11.6[c] 12.2[b] 13.2[a] 13.4[a] 1.00 <0.0001 
2017 Cut 1 
  No. of observations 571 605 630 622 631 
     Moisture Content, % 12.1[e] 13.0[d] 14.0[c] 14.8[b] 15.4[a] 1.00 <0.0001 
2017 Cut 2 
  No. of observations 618 687 639 664 713 
  Moisture Content, % 13.9[e] 15.0[d] 16.5[c] 17.0[b] 18.6[a] 1.00 <0.0001 
2017 Cut 3 
  No. of observations 524 696 615 618 606 
     Moisture Content, % 19.0[e] 20.5[d] 21.2[c] 22.9[b] 23.7[a] 1.00 <0.0001 
Overall 
  No. of observations   2729 3169  3333  3400   3269 
  Moisture Content, % 12.8[e] 13.9[d] 14.5[c] 15.6[b] 16.3[a] 1.00 <0.0001 
[1]SE (largest) of least squares means  
[2]Means within a row without a common superscript are statistically different (P < 0.05). 
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Figure 3.5 Illustrates the overall mean moisture content based on percent (%) wet basis, of all bales for 
each cutting with the Student’s t-test (α=0.05) connecting letters report above the mean moisture content. 
Returns Above Nitrogen Cost 
When comparisons were made of nitrogen rates among all cuttings, the returns 
above nitrogen cost increased significantly as rates of nitrogen increased until the 100 lb-
N ac
-1
 rate. There was not a significant increase in returns from the 100 lb-N ac
-1
 to the
120 lb-N ac
-1
 rate. Both years the third cutting shared a similar trend in the change of
returns above nitrogen cost between increasing nitrogen rates. For the third cutting of 
2016 and 2017, the 40 lb-N ac
-1
 resulted in the highest returns above nitrogen cost, with
returns decreasing slightly as nitrogen rates increased; except in the 2017 3
rd
 cutting
where the 120 lb-N ac
-1
 did not differ from the 60 lb-N ac
-1
 or 80 lb-N ac
-1
 rates. While
there is not sufficient data to support it, the trend among the third cuttings of both years 
suggests that cuttings in the same growing season cannot be compared to one another, but 
the same cuttings across growing seasons can be compared. In order to validate that 
observation, a nitrogen strip study spanning several growing seasons and likely several 
different fields would need to be conducted. Significant differences in returns above 
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nitrogen costs among nitrogen rates were expected for the first cutting of 2017, as both of 
the major inputs for calculating returns (yield and CP) had the same relationship to 
increasing nitrogen rates. Analyzing Table 3.5 collectively, there are cuttings throughout 
a growing season where nitrogen rates should be increased, and there are cuttings where 
nitrogen rates should be lowered in order to maximize profitability, which is essentially a 
function of yield and CP. However, without data from several growing seasons, we can 
only speculate on what is the best nitrogen management plan for individual cuttings.      
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Table 3.5 Comparison of mean Returns above Nitrogen Cost across the five nitrogen rates for each harvest. 
Treatment 
Item 40 lb-N ac-1 60 lb-N ac-1 80 lb-N ac-1 
100 lb-N 
ac-1 
120 lb-N 
ac-1 
SEM[2] P- value 
2016 Cut 3  
  No. of observations 365 432 763 764 635 
     Returns above N cost, $ 
ac-1 
442[a]3 436[ab] 429[bc] 429[bc] 426[c] 1.03 <0.0187 
2016 Cut 4 
  No. of observations 595 634 592 621 573 
     Returns above N cost, $ 
ac-1 
286[b] 294[a] 278[d] 290[ab] 281[c] 1.02 <0.0001 
2017 Cut 1 
  No. of observations 557 614 605 582 575 
     Returns above N cost, $ 
ac-1 
246[e] 300[d] 340[c] 398[b] 418[a] 1.03 <0.0001 
2017 Cut 2 
  No. of observations 596 670 661 676 728 
     Returns above N cost, $ 
ac-1 
438[c] 458[a] 448[b] 448[b] 456[a] 1.02 <0.0001 
2017 Cut 3 
  No. of observations 527 677 614 629 618 
     Returns above N cost, $ 
ac-1 
323[a] 305[bc] 305[bc] 301[c] 307[b] 1.02 <0.0001 
Overall 
  No. of observations   2640 3027  3235  3272   3129 
     Returns above N cost, $ 
ac-1 
334[d] 349[c] 360[b] 371[a] 376[a] 1.02 <0.0001 
[1]Returns above nitrogen cost were calculated with the average price of: urea ($), grass hay ($ ton-1), and the adjustment for protein  
(Equation 1) 
[2]SE (largest) of least squares means  
[3]Means within a row without a common superscript are statistically different (P < 0.05). 
CONCLUSIONS 
While increases in crude protein concentrations are positively correlated with 
higher nitrogen rates, the yield effects are not always constant throughout a growing 
season. Nitrogen rate had a significant effect on the moisture content of hay at the time of 
baling, with higher rates of nitrogen resulting in higher moisture. Returns above nitrogen 
cost based on yield and adjusted with protein content varied among cuttings within a 
growing season, but overall the two highest nitrogen rates profited the most economic 
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returns at 371 and 376 $ ac
-1 
for all harvests combined. The data collected from the last
two harvests of 2016, and the three harvests of 2017 suggest that nitrogen fertilizer 
management decisions should be determined for individual hay harvests throughout a 
growing season for Tifton 85 bermudagrass. However, further research is needed to better 
understand the relationship of these effects from different nitrogen rates before 
management recommendations can be made for different harvests during the same 
season.     
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CHAPTER FOUR 
DEVELOPMENT OF A ROUND BALE WEIGHING SYSTEM FOR SPRING-
LOADED BALE RAMPS 
ABSTRACT 
Knowledge of individual hay bale weights can be beneficial to both the hay 
producer, and the consumer who is buying the hay to feed livestock. A weighing system 
that utilizes a pressure transducer has been developed for round balers that are equipped 
with a hydraulic kicker plate, unfortunately a large amount of round hay balers on the 
market are manufactured with a spring-loaded bale ramp. The weighing system 
developed here, tested two different sensors (accelerometer and gyroscope) mounted in 
three different locations of a model spring-loaded ramp to predict the weight of various 
cylinders as they were dropped on to the ramp. The sensor device was mounted at the end 
of the ramp furthest from the pivot point, in the middle of the ramp, and directly in front 
of the pivot point. Of the two sensors tested, a gyroscope was found to be the sensor with 
the lowest prediction error when correlating a peak response of the sensor to the weight 
of a cylinder. Accuracy of the sensor response was improved when the sensor was 
mounted directly in front of the pivot point of the ramp. Repeatability of the test in a lab 
setting suggested that the use of a ramp-mounted gyroscope might be suitable to predict 
the weight of a bale as it is ejected from a round baler onto a spring-loaded bale ramp. In 
this configuration, the bale weight is estimated as a function of the peak angular rate of 
change of the ramp as it is forced to the ground. On-baler field data from a gyroscope 
mounted in front of the pivot point on a spring-loaded bale ramp showed promising 
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results, but additional research is needed before conclusions can be made about the 
accuracy of a gyroscope under field conditions. 
INTRODUCTION 
Hay is produced extensively across the United States, and is a key feed source for 
most ruminant livestock operations. Hay may either be sold by weight (usually tonnage), 
or by the bale as a function of size. Bales are produced in various shapes and sizes, but 
weights can vary drastically between bales of the same dimensions due primarily to 
moisture content and density. For this reason, the fairest way to market hay for both the 
producer and the buyer is by dry weight basis. Knowing the weight of each bale can 
provide additional benefits to the hay grower and cattle producer, especially if they are 
one in the same.  
Calculating the exact weight of each bale when it is packaged and tied ensures the 
grower is not under- or over -charging for the hay at sale, and it allows a rough yield 
estimate from the field where the hay was grown. Yield data of a field at individual 
cuttings can enable growers to manage the inputs for those fields, particularly if fertilizer 
is applied after each harvest. Estimates of nutrient removal can be used to direct fertilizer 
prescriptions. Such information could also be used to assess and direct management 
decisions, evaluate input costs as a function of revenue potential by field and cutting, 
suggest when bales exceed a critical moisture content, and document historical 
production potential for land rent and crop insurance purposes, as well as a multitude of 
other applications. If coupled with GPS logging capabilities, bale weights could be used 
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in the absence of a mass flow sensing system to construct a basic hay yield map, 
demonstrating total weight by area, such as when distributed across a grid. Producers 
feeding hay to livestock, could utilize hay bale weights to deliver more accurate daily 
feed rations.
Hay balers come in many formats: large and small square balers, and round balers 
that vary in widths, with capabilities of producing various bale diameters. Since the 
development of hay balers, determining the weight of individual bales as they are 
discharged from the baler has been of interest to many operators. Early weighing devices 
were developed for small square balers that utilized springs or a trailing cart behind the 
baler and weighed individual bales as they were discharged. Weighing systems for small 
square hay balers that used mechanical springs were first designed in the 1950s. In the 
late 1980s improved designs were patented (Schrag et al., 1988) that featured a pull 
behind scale for small square balers, but the devices were never widely implemented.   
In recent years there have been aftermarket weighing systems available for hay 
growers to install on balers from companies like Scale-Tec (Scale-Tec Ltd., Anamosa, 
Iowa). Newer technologies developed for large balers use a series of load cells in order to 
weigh individual bales before they are discharged from the baler. A pressure transducer 
round bale weighing technology was described by Ramsey (2015), which was only 
applicable to round balers equipped with hydraulic bale ramps or kicker plates. The 
hydraulic pressure transducer could predict the weight of round bales as they were 
discharged from the baler with about a 4% error when calibrated to a specific grass type 
(Ramsey 2015). However, for the pressure transducer to be utilized a round baler must be 
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equipped with a hydraulic actuator on a bale ramp. For those round balers that are not 
outfitted with a hydraulic ramp, a spring-loaded bale ramp is typical. Round balers 
comprise most of the balers found in the U.S. (approximately 72%) and nearly 80% of 
the balers used in the southeastern U.S. (Kendall Kirk, Clemson University, personal 
communication, 4 Nov 2017). A large percentage of round balers in use in the U.S., 
approximately 50%, utilize a spring-loaded bale ramp rather than a hydraulic bale ramp. 
It was hypothesized from visual observations of hay bales discharging from round balers; 
that the speed at which the bale ramp declines is a function of the weight of a round bale. 
In the novel technology described here, an electronic gyroscope is used to measure the 
rate of angular change of a spring-loaded bale ramp as a round hay bale is discharged 
from a baling chamber. The objectives of this study were to: (1) design and develop 
systems for measuring bale weights using spring-loaded bale ramps equipped with 
sensors; (2) evaluate accelerometer versus gyroscope technologies for estimation of bale 
weight; (3) evaluate best sensor placement location on bale ramp; (4) characterize 
accuracy of weighing systems in bench testing environment; and (5) evaluate suitability 
for use on baler under field testing conditions.  
METHODS AND MATERIALS 
Bench Test 
Bench testing was used to assess the possibility of using an accelerometer or 
gyroscope to measure the descending speed of a scaled spring-loaded ramp. The tests 
utilized falling weights, which simulated round bales discharged from a baler. It was 
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hypothesized that heavier objects would force the ramp down at a faster rate than lighter 
objects. The sensor used in these tests was a Phidgets 1042 (Phidgets Inc., Calgary, 
Alberta, Canada). The Phidgets 1042 is equipped with a 3-axis accelerometer, a 3-axis 
gyroscope, and a 3-axis compass. The bench tests were carried out using a fabricated 
ramp built from angle steel and wood, designed to mimic the functions of a spring-loaded 
bale ramp like that found on many round hay balers.  The frame for the model ramp was 
constructed of 2 in. by 2 in. by 0.25 in. angle steel with 0.5 in. plywood as the surface of 
the ramp. Three diameters (8.9 cm, 10.8 cm, and 15.9 cm, outside) of PVC pipe were cut 
to different lengths and filled with concrete so that multiple weights could be tested. 
Similar to the spring-loaded ramps found on a variety of hay balers, the model ramp was 
also designed with springs in the rear to hold the platform horizontal when under no load. 
When a cylinder made contact with the platform, the weight of the cylinder caused the 
platform to tilt downwards because the springs were selected and positioned to support a 
weight just slightly greater than that of the platform alone. This tilt caused the cylinder to 
gain forward momentum and roll off the end of the platform. Once the cylinder rolled off 
of the platform the springs, which had been put under tension, returned to their resting 
states, thus returning the platform to the horizontal position. Figure 1 contains video 
frames to better describe the general bench testing methodology.  
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Figure 4.1 Video frames demonstrating a single bench test: the weighted cylinder rolls from a defined start 
position on the stationary off-loading ramp (Frames 1 – 4), the weighted cylinder contacts the spring-
loaded ramp (between Frame 5 and 6), motion of the spring-loaded ramp is measured as it pivots 
downwards (Frames 6 – 8), and the spring-loaded ramp returns to a resting position after the weighted 
cylinder exits the ramp (Frame 9). 
The weights used in these preliminary tests were constructed using concrete-filled 
PVC pipe of two different diameters across a range of lengths. The round PVC pipe acted 
similarly to a round hay bale being discharged from a bale chamber, dropping onto the 
spring-loaded ramp and rolling off. The weights and dimensions (length x nominal 
diameter) are as follows: 4.17 kg (40.64 cm x 8.89 cm), 4.99 kg (30.48 cm x 10.80 cm), 
7.98 kg (45.72 cm x 10.80 cm), 10.23 kg (60.96 cm x 10.80 cm), 12.75 kg (76.2 cm x 
10.80 cm), 13.06 kg (30.48 cm x 15.88 cm), 17.46 kg (45.72 cm x 15.88 cm), 23.18 kg 
(60.96 cm x 15.88 cm), 28.74 kg (76.2 cm x 15.88 cm).   
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Bench tests were conducted with the various PVC cylinders being dropped from 
an inclined, stationary off-loading ramp that was fixed to the frame of the model bale 
ramp to ensure the drops were consistent and repeatable throughout. The stationary off-
loading ramp was designed so that the height and pitch could be changed to evaluate 
varying speeds of cylinders; although, this function of the ramp was only utilized to set 
the fixed conditions used during testing; i.e., off-loading ramp height and pitch were not 
varied during experimentation. By dropping or rolling the cylinders from the stationary 
ramp onto the pivoting spring-loaded ramp, all of the following could be maintained as 
controlled variables: drop position, drop height, start position, and angle of the off-
loading ramp.  
Figure 4.2 demonstrates the arrangement of components used for the model ramp 
for bench testing described here. During independent tests, the 1042 Phidgets Spatial 
3/3/3 device was mounted in three different locations on the underside of the spring-
loaded ramp: first on the center of the end farthest from the ramp pivot point, second in 
the center of the ramp, and lastly on the right side (as facing in Figure 4.2) directly in 
front of (down ramp from) the ramp pivot point. Each sensor position yielded different 
degrees of repeatability despite the care taken in dropping the cylinders from the same 
location every time. The sensor responses from the 1042 Phidgets Spatial 3/3/3 were 
recorded on a laptop using software written in Microsoft Visual Basic. Sensor responses 
were recorded at 125 hz for each of the three axes for each of the three Phidgets 1042 
sensors (accelerometer, gyroscope, and compass). Each reading was time stamped in the 
recorded data log.  
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Figure 4.2. Model spring-loaded bale ramp and stationary off-loading ramp used for bench testing. 
Test Descriptions 
Several tests changing one or two variables at a time were carried out to 
determine which setup configuration of the stationary off-loading ramp and the model 
spring-loaded bale ramp would most closely mimic the actual spring-loaded ramp found 
on a round baler. Drop height, off-loading ramp position (drop position in notes), off-
loading ramp angle, start position, and springs used to hold up the model spring-loaded 
bale ramp were among some of the variables changed throughout the tests. Drop height 
was the distance in inches from bottom of the off-loading ramp to the plywood surface of 
the model spring-loaded bale ramp at normal resting. The off-loading ramp position in 
relation to the spring-loaded ramp (Drop position) is the distance of the front of the off-
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loading ramp and the rear of the spring-loaded ramp if they were on the same plane; thus, 
a distance of 0 cm. would be touching, a negative distance is apart, and a positive 
distance is overlapping of the two. The off-loading ramp was designed so the pitch angle 
of the ramp could be changed to vary the speeds of cylinders rolling off onto the spring-
loaded ramp. Lines were placed on the off-loading ramp to ensure the cylinders were 
started at the same position throughout the tests. A challenging part of the bench test was 
determining the correct springs to use so the model ramp platform would remain 
horizontal during a resting state, but would not support the weight of even the smallest 
cylinder that was discharged onto it. The first set of springs outfitted on the model ramp 
were C-259 springs (Century Spring Corp., Los Angeles, CA), and were found to be too 
stiff. The springs were exchanged for a pair of C-255 springs (Century Spring Corp., Los 
Angeles, CA) that worked well for the task.       
Test 1.1 
The first set of bench test were carried out with the following parameters: 
 4.45 cm (1.75 in.) drop height
 -1.27 cm (-0.05 in.) off-loading ramp position in relation to the model ramp
 1.40° off-loading ramp angle
 5.08 cm (2 in.) start position
 C-259 Springs
 End of ramp - 1042 Phidgets Spatial 3/3/3 device location
From the beginning of the first test there were problems with the strength of the 
springs chosen. The C-259 springs would not allow for the small or any of the medium 
diameter cylinders to tilt the platform of the model ramp. Several of the large diameter 
cylinders caused the platform to tilt enough for the cylinders to roll forward and off the 
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ramp but none of the cylinders were heavy enough to force the platform to contact the 
ground.   
Test 1.2 
Parameters: 
 9.53 cm (3.75 in.) drop height
 -1.27 cm (-0.05 in.) off-loading ramp position in relation to the model ramp
 1.50° off-loading ramp angle
 5.08 cm (2 in.) start position
 C-259 Springs
 End of ramp - 1042 Phidgets Spatial 3/3/3 device location
After the problems associated with the first test, the stationary off-loading ramp 
was raised and the angle slightly increased. However, the modifications did not result in 
any changes and it was realized the springs needed to be weaker in order to allow the 
platform of the ramp to fall at a higher rate of speed.  
Test 2.1 
Parameters: 
 9.53 cm (3.75 in.) drop height
 -1.27 cm (-0.05 in.) off-loading ramp position in relation to the model ramp
 1.40° off-loading ramp angle
 5.08 cm (2 in.) start position
 C-255 Springs
 End of ramp - 1042 Phidgets Spatial 3/3/3 device location
There was a noticeable difference in the lack of strength of the C-255 springs, but 
the small and medium diameter cylinders still did not roll off of the model ramp correctly 
when they were released from the stationary off-loading ramp. Instead of tilting the 
model ramp platform forward, the spring tension rolled the small and medium diameter 
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cylinders backwards toward the pivot point and off the back of the ramp. The large 
diameter cylinders had enough momentum to tilt the model platform forward once 
discharged from the off-loading ramp, but it occurred slowly.  
Test 2.2 
Parameters: 
 19.69 cm (7.75 in.) drop height
 +19.37 cm (+7.63 in.) off-loading ramp position in relation to the model ramp
 3.60° off-loading ramp angle
 5.08 cm (2 in.) start position
 C-255 Springs
 End of ramp - 1042 Phidgets Spatial 3/3/3 device location
Moving the stationary off-loading ramp forward 19.37 cm (7.63 in.) caused the 
cylinders to be discharged in front of the pivot point rather than on top of the pivot point 
like previous test. Changing the off-loading ramp position, along with the increased drop 
height and off-loading ramp angle more closely mimicked the behavior of a hay bale 
being discharged onto a spring-loaded bale ramp.   
Test 2.3 
Parameters: 
 19.69 cm (7.75 in.) drop height
 +19.37 cm (+7.63 in.) off-loading ramp position in relation to the model ramp
 3.60° off-loading ramp angle
 10.16 cm (4 in.) start position
 C-255 Springs
 End of ramp - 1042 Phidgets Spatial 3/3/3 device location
The cylinder starting position on the stationary off-loading ramp was moved from 
5.08 cm (2 in.) to 10.16 cm (4 in.), but there was no difference observed in the model 
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ramp behavior. After analysis of Test 2.2 and 2.3 a substantial amount of noise was 
discovered in the data recorded by the accelerometer and the gyroscope. Before 
additional tests were carried out, additional angle iron was added to the bottom side of the 
model bale ramp platform for additional rigidity and to theoretically reduce the ramp 
vibration when a cylinder was discharged onto it, thereby reducing noise in the sensor 
response.     
Test 3.1 
Parameters: 
 19.69 cm (7.75 in.) drop height
 +19.37 cm (+7.63 in.) off-loading ramp position in relation to the model ramp
 3.60° off-loading ramp angle
 5.08 cm (2 in.) start position
 C-255 Springs
 Middle center of the ramp - 1042 Phidgets Spatial 3/3/3 device location
There were a total of 36 observations with 4 replications of each cylinder. 
Test 3.2 
Parameters: 
 19.69 cm (7.75 in.) drop height
 +19.37 cm (+7.63 in.) off-loading ramp position in relation to the model ramp
 3.60° off-loading ramp angle
 10.16 cm (4 in.) start position
 C-255 Springs
 Middle center of the ramp - 1042 Phidgets Spatial 3/3/3 device location
For test 3.2 there were 63 observations made with 7 replications of each cylinder. 
There was little difference between Test 3.1 and 3.2, but an analysis of the data did 
suggest that improving the rigidity of the ramp platform and moving the 1042 Phidgets 
Spatial 3/3/3 device to the middle center location of the ramp improved the gyroscope 
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prediction accuracy. In an attempt to further reduce the absolute prediction error of the 
gyroscope, the sensor was mounted directly in front of the pivot point for Test 4.1.  
Test 4.1 
Parameters: 
 19.69 cm (7.75 in.) drop height
 +19.37 cm (+7.63 in.) off-loading ramp position in relation to the model ramp
 3.60° off-loading ramp angle
 5.08 cm (2 in.) start position
 C-255 Springs
 In front of pivot - 1042 Phidgets Spatial 3/3/3 device location
There were a total of 37 observations for this test with all cylinders discharged 
onto the model ramp 4 times, except for the 23.18 kg (51.1 lb) cylinder, which was 
repeated 5 times.   
Test 4.2 
Parameters: 
 19.69 cm (7.75 in.) drop height
 +19.37 cm (+7.63 in.) off-loading ramp position in relation to the model ramp
 3.60° off-loading ramp angle
 5.08 cm (2 in.) start position
 C-255 Springs
 End of ramp - 1042 Phidgets Spatial 3/3/3 device location
All cylinders were rolled four times from the stationary off-loading ramp onto the 
model ramp for a total of 36 observations. Test data 4.1 and 4.2 were used in constructing 
the results of this paper, with the only difference between the two test being the location 
of the 1042 Phidgets Spatial 3/3/3 device.  
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Statistical Analysis 
All data analyses were performed using JMP Pro 12 (SAS Institute Inc., Cary, 
North Carolina). A Box-Cox transformation was conducted on the absolute predicted 
errors in order to normalize the data sets for comparative analysis (Rahman and Pearson, 
2014). A means for one-way ANOVA was conducted on two separate analyses of 
absolute prediction error in terms of percent and weight (kg) on: comparing the 
gyroscope response of a single axis and composite axes, and comparing the effects of 
cylinder diameter on gyroscope response. A means comparison was also generated using 
Student’s t-test (α=0.05).  
RESULTS AND DISCUSSION 
Comparison of Accelerometer vs. Gyroscope 
Accelerometer data was collected and analyzed for bench tests but was 
determined to be less useful than the gyroscope. The accelerometer and gyroscope data 
for one of the tests is shown in Figure 4.3 and 4.4 respectively. Figure 4.3 demonstrates 
the peak acceleration (g-force) of the model ramp, while Figure 4 is demonstrating the 
peak rate of angular change (degrees s
-1
) as a cylinder is dropped on the ramp. A “peak”
was defined as any average of three readings greater than the twenty prior and twenty 
subsequent three reading averages. Both Figures 4.3 and 4.4 display four separate charts; 
three of which are the sensor response on different axes (AccelX, AccelY, and AccelZ), 
and one chart that is a composite of all three axes (AccelXYZ). The composite response 
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was calculated as the square root of the sum of the squares of each acceleration or angular 
change.  The advantage of using the composite rate of change is that it is independent of 
sensor mounting orientation. Upon visual comparison of the composite axes of Figure 4.3 
(AccelXYZ) to Figure 4.4 (AngularXYZ), a more pronounced peak was noticed in the 
chart representing the angular rate of change. 
Figure 4.3 Accelerometer data associated with one of the bench tests used to define peak in acceleration, 
indicated by “A” in each of the plots. The range of data indicated at “B” in each figure represents the 
spring-loaded ramp rebound and the range of data indicated at “C” represents the period of time prior to the 
weighted cylinder contacting the spring-loaded ramp. Each data point represents a three-point average. The 
charts labeled AccelX, AccelY, and AccelZ use the absolute value of the acceleration rate (g-force) for 
each axis. The chart labeled AccelXYZ represents the composite rate of acceleration that was calculated as 
the square root of the sum of the squares of each acceleration change. 
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Figure 4.4 Gyroscope data associated with one of the bench tests used to define peak angular speed, 
indicated by “A” in each of the plots. The range of data indicated at “B” in each figure represents the 
spring-loaded ramp rebound and the range of data indicated at “C” represents the period of time prior to the 
weighted cylinder contacting the spring-loaded ramp. Each data point represents a three-point average. The 
charts labeled AngularX, AngularY, and AngularZ use the absolute value of the angular rate (degrees s
-1
) 
for each axis. The chart labeled AngularXYZ represents the composite rate of angular change, calculated as 
the square root of the sum of the squares of each rate of angular change. 
The greatest resolution in accelerometer data was seen when the device was 
mounted farthest from the model ramp pivot point, but this was also the location where the 
greatest noise and least repeatability in the data was observed. Noise was reduced for the 
accelerometer when the device was mounted near the pivot point, but the resolution of 
sensor response relative to bale weight was reduced, thus the greatest absolute error 
observed in Table 4.1. Noise is seen in Figure 4 between areas A and B of all four graphs. 
Of the two spatial sensors tested, the gyroscope proved to be the sensor with the least 
amount of absolute prediction error in terms of percent and weight (kg) for both mounting 
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positions, as seen in Table 4.1. The results displayed in Table 4.1 were conducted with the 
composite response of all three axes for each respected sensor at two different mounting 
locations. 
Table 4.1 Comparison of mean absolute error (% and kg) of the predicted weight of a cylinder dropped on a 
model bale ramp, where weight was predicted by an accelerometer and gyroscope at two sensor mounting 
positions.
[1]
Item n R2 [2] Abs. Err., % Abs. Err., kg 
Accelerometer 
  Sensor at Pivot  37 0.075 65.2 6.3 
     Sensor at End of Ramp 36 0.258 60.4 5.4 
Gyroscope 
  Sensor at Pivot  37 0.907  15.4 1.9 
  Sensor at End of Ramp 36 0.616 31.4 3.7 
[1]The 1042 Phidgets Spatial 3/3/3 was mounted directly in front of the ramp pivot point and at the furthest end from the pivot in the center of 
the ramp. 
[2]Coefficient of determination for each sensor by mounting position 
Sensor Mounting Position 
Tests conducted with the sensor at the end of the ramp, and the sensor at the 
center of the ramp (data not shown), generated relatively inconsistent results between 
replications, therefore it was more difficult to correlate a peak rate of angular change with 
cylinder weight. The lack of repeatability is shown in Table 1 as a 60.4% error for the 
accelerometer and 31.4% error for the gyroscope were calculated when the 1042 Phidgets 
Spatial 3/3/3 device was mounted at the end of the ramp. It appears that this was due to 
the lightweight construction and lack of rigidity of the model bale ramp; the weighted 
cylinders caused a substantial amount of vibration when they struck the ramp platform. 
This vibration was picked up by both the gyroscope and the accelerometer, and attributed 
to noise in the data when the sensor was placed in the center, and at the front of the ramp.  
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Single Axis Response vs. Composite Response of all Axes 
There was a noticeable difference in the peak response of the three different axes 
(Figure 4). Through visual observations it was discovered that the Y-axis of the 
gyroscope was responsible for recording the angular rate of change of the model ramp for 
the orientation that the 1042 Phidgets Spatial 3/3/3 device was mounted in. Analysis of 
the Y-axis response and the composite response for the gyroscope were compared with 
the sensor mounted in front of the pivot point, to determine which one yielded the lowest 
absolute predicted error (Table 4.2). There was a significant improvement in the absolute 
error when only the Y-axis of the gyroscope was used to find the peak rate of angular 
change for all cylinder discharges. Although the data is not presented, comparing only 
one axis of the accelerometer would probably not have the same outcome as the 
gyroscope because acceleration of the ramp is occurring on multiple axes as the ramp is 
forced down by a cylinder.   
Table 4.2 Comparison of mean absolute error (% and kg) of the predicted weight of a cylinder dropped on a 
model bale ramp, where weight was predicted by a 3-axis electric gyroscope.
[1]
 
Item n R2 [2] Abs. Err., % Abs. Err., kg 
Gyroscope at Pivot  
  Single Axis Response  37 0.940  10.0[b]3 1.4[b] 
  Composite Response  37 0.907 15.4[a] 1.9[a] 
  P – value  - - 0.0084 0.0193 
[1]The 1042 Phidgets Spatial 3/3/3 was mounted directly in front of the ramp pivot point
[2]Coefficient of determination for each sensor by mounting position  
[3]Means within a column without a common superscript are statistically different (Student’s t-test, P < 0.05) 
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Effects of Cylinder Diameter on the accuracy of Predicting Weight 
With the gyroscope mounted in front of the pivot point, the Y-axis gyroscope 
response for the medium diameter cylinders (10.80 cm) had the lowest absolute 
prediction error in terms of percent (3.6%) and weight (0.4 kg), with absolute error in kg 
significantly lower than that of the large diameter cylinders (15.88 cm) and all cylinders 
combined (Table 4.3). For the analysis in Table 4.3 all of the small diameter cylinder 
(8.89 cm) data was excluded, which resulted in 33 observations for the all cylinders 
group and a negligible reduction in the absolute error from 1.4 kg (found in the same 
analysis of Table 4.2 that included the small diameter cylinder) to 1.3 kg. The results 
displayed in Table 4.3 suggest that not only the weight, but also the diameter of the 
cylinders being discharged onto the model ramp affected the ability of the gyroscope to 
predict the cylinder weight accurately. The change in the diameter of the cylinder appears 
to cause the cylinder to make contact with the platform of the model ramp at different 
positions. For this reason, multiple prediction equations are suggested if the gyroscope is 
used to predict the weight of hay bales with varying diameters, e.g. a 48 in. diameter bale 
may require a different calibration than that for a 60 in. diameter bale to maximize 
accuracy.
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Table 4.3 Mean absolute error (% and kg) of the predicted weight of different diameter cylinders
[1]
 dropped on a 
model bale ramp, where weight was predicted by the Y-axis of an electric gyroscope.
[2]
 
Item n R2 [3] Abs. Err., % Abs. Err., kg 
Gyroscope at Pivot, Y-axis 
  Medium Cylinders  16 0.974 3.6[a]4 0.4[b] 
  Large Cylinders   17 0.944 6.3[a] 1.2[a] 
     All Cylinders  33 0.940 10.0[a] 1.3[a] 
  P – value  - - 0.1982 0.007 
[1]Only responses from medium (10.80 cm) and large (15.88 cm) diameter cylinders included 
[2]The 1042 Phidgets Spatial 3/3/3 was mounted directly in front of the ramp pivot point; only data from Y-axis response were analyzed 
[3]Coefficient of determination for gyroscope response by cylinder size 
[4]Means within a column without a common superscript are statistically different (Student’s t-test, P < 0.05) 
When the 1042 Phidgets Spatial 3/3/3 device was located directly in front of the 
pivot point a distinct correlation, with good repeatability between replicate trials could be 
seen between the actual weight of the cylinder dropped and the peak rate of angular 
change of the bale ramp as demonstrated by the gyroscope, Figure 4.5a. The peak rate of 
angular change shown in Figure 4.5a was for the axis with the greatest peak, the Y-axis, 
which is dependent on sensor mounting orientation. Visual observations of Figure 4.5a 
also suggest that large and medium diameter cylinders should be analyzed separately 
from one another. In Figure 4.5b the 1042 Phidgets Spatial 3/3/3 device was mounted at 
the end of the model ramp where the greatest resolution in accelerometer data was 
observed; however, this was also the location where the greatest noise and least 
repeatability in the data was seen.     
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Figure 4.5a Relationship between peak angular rate of change (degrees s
-1
) of model ramp and cylinder 
weight (kg) of three different diameter cylinders for bench tests with the gyroscope mounted at the pivot 
point. Figure 4.5b Relationship between peak acceleration rate (g-force) of model bale ramp and cylinder 
weight (kg) of three different diameter cylinders for bench test with the accelerometer mounted at the front 
of the ramp. 
Field Testing 
To evaluate suitability and performance of this technology when installed on a 
working round hay baler, a 1042 Phidgets Spatial 3/3/3 device was mounted near the 
pivot point of the bale ramp on a Roll Belt Model 450 Silage Special (New Holland, New 
Holland, PA) round baler as depicted in Figure 4.6. The data acquisition was configured 
to record gyroscope data at 125 Hz at each discharge of a bale, as indicated by a bale 
chamber switch; gyroscope data from one bale discharge is shown in Figure 4.7. Results 
suggest that the general relationships demonstrated in the bench tests between gyroscope 
data and PVC cylinder weight are transferrable to application on a working round baler. 
At this point in the research and development of this technology, bale weights to compare 
to the gyroscope data from the New Holland baler have not been obtained, but a 
promising consistency has been demonstrated across the peaks for several independent 
bale datasets. 
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Figure 4.6 Model 1042 Phidgets Spatial 3/3/3 device mounting position on the bale ramp of the New 
Holland model 450 round baler. 
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Figure 4.7 Gyroscope data associated with one of the bale ejections on the New Holland Model 450 round 
baler. The peak, which can be correlated to bale weight are indicated by “A” in each of the plots. The range 
of data indicated at “B” in each figure represents the bale ramp rebound and the range of data indicated at 
“C” represents the period of time prior to the bale contacting the bale ramp. Each data point represents a 
three point average. The charts labeled AngularX, AngularY, and AngularZ use the absolute value of the 
angular rate for each axis. The chart labeled AngularXYZ represents the composite rate of angular change 
as previously described 
CONCLUSIONS 
Successful construction of a ramp to mimic the functions of a spring-loaded bale 
ramp on a round baler allowed a 1042 Phidgets Spatial 3/3/3 device to be evaluated in a 
controlled setting. Bench tests disproved the original hypothesis that an accelerometer 
could be used to determine that the acceleration at which a ramp fell was a function of the 
weight being displaced on the ramp; however, a gyroscope in the same electronic sensing 
device did find a relationship between the weight of an object and the rate of angular 
change of a ramp onto which the object was dropped. Placing the sensor directly in front 
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of the pivot where vibration was minimal yielded assuring results that the weight of an 
object free falling onto a spring-loaded platform can be correlated to the rate at which the 
angle of that platform changes. Absolute errors as low as 3.6% were observed of the Y-
axis response of a gyroscope to the prediction of various cylinder weights by rolling the 
cylinders off a spring-loaded platform and recording the rate of angular change. Install of 
a gyroscope on a New Holland round baler was performed and sensor data was recorded 
that looked similar to that of the bench test.    
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CHAPTER FIVE 
CONCLUSIONS 
There were three main components to this project: (1) Mass Flow Algorithm 
Development for a Hay Yield Monitor; (2) Effects of Nitrogen Rate on Irrigated Tifton 
85 Bermudagrass; and (3) Development of a Round Bale Weighing System for Spring-
Loaded Bale Ramps.  
The need for improving the algorithm developed by Ramsey was to make the 
yield monitoring system more marketable and increase the chances of it being 
commercialized. The first step in doing this was to change the method in which the 
ultrasonic sensors took windrow height measurements. Instead of using a proximity 
switch to measure the distance traveled and regulate sensor recordings, sensor recordings 
were conducted on a time frequency. Recording the ultrasonic sensor response on a 1 hz 
frequency eliminated the need for a proximity switch mounted on the wheel lug. This 
change in the design of the yield monitoring system required a change in the algorithm 
that was developed to translate sensor response and ground speed into mass flow feeding 
into the baler. There were two mass flow algorithms compared and two ultrasonic sensor 
mounting positions tested to decide which combination predicted the mass flow with the 
least absolute error. Analysis concluded there was not a significant difference in the two 
mass flow algorithms nor the two sensor mounting positions. It was hypothesized that a 
mass flow algorithm which represented a physical model was more robust than an 
empirical model first developed. Two additional algorithms for determining mass flow 
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were constructed, one with the known moisture content as a variable in the equation and 
one without. Both resulted in a lower prediction error of mass flow than the first two 
algorithms tested; but the inclusion of moisture content in the algorithm did not reduce 
error significantly and may not warrant the additional sensors needed to obtain on-the-go 
moisture content. While there was no difference in accuracy noticed between the two 
sensor mounting locations, the test did suggest a wide tolerance of acceptable sensor 
mounting positions.      
Nitrogen application is necessary in most fields in order to produce quality 
bermudagrass hay. Several studies have been conducted in the Southeastern U.S. to 
understand the effects of varying nitrogen rates on bermudagrass harvested for hay; 
however, there have not been any studies that utilize a baler outfitted with a yield 
monitoring system to collect yield data across different nitrogen rates. The use of an on-
the-go yield monitor in this study allowed yield data on an entire Tifton 85 Bermudagrass 
field to be collected, although only the area of the field that was irrigated by the center 
pivot was included in analysis. When comparisons were made for all harvests of the five 
nitrogen rates, each increase in nitrogen rate resulted in an increase in yield. However, 
when the harvests were analyzed separately there were inconsistencies among the 
relationship of yield and nitrogen rates. It was apparent that the first harvest of the year 
had the highest yield-response to nitrogen. This suggests that the heaviest amount of 
nitrogen should be applied to a Tifton 85 Bermudagrass field as it is coming out of 
dormancy each year, and nitrogen can be applied in lesser rates as the growing season 
progresses. Increasing crude protein (CP) content of the hay was noticed in each harvest 
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with respect to increasing nitrogen rates, as was increasing moisture content. While yield 
increases were not detected for every harvest in this study, the increase in moisture 
content at the time of baling and CP content, suggest that the increasing nitrogen rates are 
having some effect on the grass. To better understand these effects, the relationship of 
temperature and growing length needs to be further investigated. Since the primary 
reason for producing hay is to feed livestock, the value of the hay grown was established 
as a function of CP content. Because nitrogen directly affected the CP content and all 
other crop inputs were held uniform, the economic analysis for this portion of the project 
was reported as returns above nitrogen cost. A linear regression model was developed 
based on grass hay sold at hay auctions all across the country were hay was sold by the 
tonnage for three different categories: (1) fair grass hay(5-9% CP); (2) good grass hay (9-
13% CP); and (3) premium (+13% CP). Using this model it was concluded that profits 
were maximized for the first harvest when the highest rate of nitrogen was applied, but 
lower nitrogen rates during the remainder of the growing season proved to be more 
beneficial in terms of profit. 
The last part of this study focused on developing a system for weighing round 
bales as they are ejected from the baling chamber onto a spring-loaded bale ramp; an 
alternative method of determining hay yield. There were two sensors tested, and several 
mounting positions compared to determine which configuration yielded the lowest 
prediction error. A gyroscope was discovered to have the lower prediction error than an 
accelerometer, and the error was lowest for the gyroscope when the sensor was placed 
directly adjacent to the ramp’s pivot point. Repeatability of the bench test in a lab setting 
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suggested that the use of a ramp-mounted gyroscope might be suitable to predict the 
weight of a bale as it is ejected from a round baler onto a spring-loaded bale ramp. In this 
configuration the bale weight is estimated as a function of the peak angular rate of change 
of the ramp as it is forced to the ground. On-baler field data from a gyroscope mounted in 
front of the pivot point on a spring-loaded bale ramp showed promising results, but 
additional research is needed before conclusions can be made about the accuracy of a 
gyroscope under field conditions.     
There are a number of benefits from having an on-the-go yield monitoring system 
on a hay baler, but the technology is only beneficial if the yield data is used when making 
management decisions. For hay producers, the largest profit benefit would be consulting 
yield data derived from a yield monitor when determining fertilizer applications. 
Although not all fields and grass types behave the same, the data reported from this study 
suggest high rates of nitrogen should be applied at the beginning of the growing season to 
maximize returns then reduce the rates later in the season. Additional benefits of a yield 
map from a hay field might be deciding when to exclude certain areas of the field from 
production if they are low yielding, locating disease and weed pressure areas in a field, or 
determining the best areas to plant winter annuals. Yield monitors might not be suited for 
every hay operation, but in all operations a cost effective system to determine the weights 
of individual bales as they are ejected from a baler would be advantageous.     
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Appendix A 
Protein and Moisture Distribution Functions 
Table A1: Summary of fit data for protein distribution equation for 17 Aug 2016 Harvest 
RSquare 0.589782 
RSquare Adj 0.573038 
Root Mean Square Error 0.66807 
Mean of Response 10.49557 
Observations (or Sum Wgts) 52 
Table A2. Parameter estimates for protein distribution equation for 17 Aug 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 9.0902063 0.469263 19.37 <.0001* . 
N_RATE 0.0264033 0.003507 7.53 <.0001* 1.0167672 
DEEPEC_X7_FF -0.413876 0.152503 -2.71 0.0092* 1.0167672 
Table A3: Summary of fit data for protein distribution equation for 3 Oct 2016 Harvest 
RSquare 0.84909 
RSquare Adj 0.804922 
Root Mean Square Error 0.374301 
Mean of Response 12.44588 
Observations (or Sum Wgts) 54 
Table A4. Parameter estimates for protein distribution equation for 3 Oct 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 8.6465203 4.795002 1.80 0.0787 . 
CalWetYld lb/ac 0.0003225 0.000198 1.63 0.1112 2.5215873 
N_RATE 0.0207511 0.002155 9.63 <.0001* 1.6016287 
DPEC_CI 0.0475075 0.102682 0.46 0.6460 1.8960893 
ELEVATION_CI -0.000286 0.050212 -0.01 0.9955 2.6792479 
CLAY_(%)_CI -0.022208 0.054821 -0.41 0.6875 2.3332886 
SILT_(%)_CI 0.3257373 0.097149 3.35 0.0017* 1.9605782 
(CalWetYld lb/ac-4269.83)*(N_RATE-78.8889) -1.439e-5 6.084e-6 -2.36 0.0228* 1.7923327 
(CalWetYld lb/ac-4269.83)*(ELEVATION_CI-95.3032) 0.0001499 0.000102 1.47 0.1500 1.6561 
(N_RATE-78.8889)*(ELEVATION_CI-95.3032) 0.0010929 0.001357 0.81 0.4253 1.8560964 
(N_RATE-78.8889)*(SILT_(%)_CI-2.62266) -0.009588 0.002984 -3.21 0.0026* 2.0663016 
(ELEVATION_CI-95.3032)*(CLAY_(%)_CI-3.96517) 0.0572201 0.030033 1.91 0.0638 2.6989123 
(ELEVATION_CI-95.3032)*(SILT_(%)_CI-2.62266) 0.1260684 0.071085 1.77 0.0836 1.8752343 
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Table A5: Summary of fit data for protein distribution equation for 28 May 2016 Harvest 
RSquare 0.867567 
RSquare Adj 0.829729 
Root Mean Square Error 0.544599 
Mean of Response 14.5212 
Observations (or Sum Wgts) 28 
Table A6. Parameter estimates for protein distribution equation for 28 May 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 40.181592 12.49462 3.22 0.0041* . 
SAND_FF(%) -0.29916 0.125173 -2.39 0.0263* 3.990811 
CLAY_FF(%) 0.3921516 0.132516 2.96 0.0075* 2.8494007 
N_RATE 0.0353655 0.00378 9.36 <.0001* 1.1058562 
%_OM_FF -1.467048 0.441961 -3.32 0.0033* 1.8978904 
(SAND_FF(%)-92.6298)*(%_OM_FF-1.64924) -0.079735 0.317674 -0.25 0.8043 1.4291879 
(CLAY_FF(%)-3.8127)*(N_RATE-84.6564) 0.0045876 0.003518 1.30 0.2063 1.3128581 
Table A7: Summary of fit data for protein distribution equation for 14 July 2016 Harvest 
RSquare 0.731149 
RSquare Adj 0.715098 
Root Mean Square Error 0.737421 
Mean of Response 13.64125 
Observations (or Sum Wgts) 72 
Table A8. Parameter estimates for protein distribution equation for 14 July 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 10.257714 0.463608 22.13 <.0001* . 
SILT_FF(%) 0.1555514 0.10762 1.45 0.1530 1.0366606 
N_RATE 0.0430641 0.003222 13.36 <.0001* 1.0341943 
TRUEDEEP_FF -0.230125 0.09874 -2.33 0.0228* 1.1164493 
(SILT_FF(%)-2.62633)*(TRUEDEEP_FF-2.04374) -0.197948 0.134543 -1.47 0.1459 1.1363176 
Table A9: Summary of fit data for protein distribution equation for 5 Sept 2016 Harvest 
RSquare 0.910161 
RSquare Adj 0.870233 
Root Mean Square Error 0.331098 
Mean of Response 9.597892 
Observations (or Sum Wgts) 53 
87 
Table A10. Parameter estimates for protein distribution equation for 5 Sept 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 39.804818 9.489506 4.19 0.0002* . 
CalWetYld lb/ac 0.0007112 0.000117 6.07 <.0001* 1.5760442 
SAND_FF(%) -0.382956 0.062934 -6.09 <.0001* 5.859595 
SILT_FF(%) -0.280335 0.097388 -2.88 0.0067* 2.7103342 
N_RATE 0.0192362 0.002063 9.32 <.0001* 1.6709996 
DEEPEC_X7_FF -0.318535 0.131117 -2.43 0.0202* 3.8496256 
ELEVATION_FF 0.0125282 0.052303 0.24 0.8121 3.5463626 
%_OM_FF 0.131268 0.276316 0.48 0.6376 4.0356244 
(CalWetYld lb/ac-5248.64)*(SAND_FF(%)-92.401) -0.000131 0.000122 -1.07 0.2907 3.8239381 
(CalWetYld lb/ac-5248.64)*(SILT_FF(%)-2.69734) 0.0004605 0.000216 2.13 0.0398* 2.9873907 
(CalWetYld lb/ac-5248.64)*(N_RATE-81.5239) -7.521e-6 4.627e-6 -1.63 0.1128 1.9418067 
(CalWetYld lb/ac-5248.64)*(ELEVATION_FF-95.5157) 0.0003571 0.0001 3.58 0.0010* 3.6603166 
(SAND_FF(%)-92.401)*(SILT_FF(%)-2.69734) 0.2052073 0.06095 3.37 0.0018* 1.9351727 
(SAND_FF(%)-92.401)*(N_RATE-81.5239) -0.003629 0.001511 -2.40 0.0216* 2.9434051 
(SAND_FF(%)-92.401)*(ELEVATION_FF-95.5157) 0.0840263 0.035236 2.38 0.0225* 5.3910769 
(SAND_FF(%)-92.401)*(%_OM_FF-1.60012) -0.630041 0.186161 -3.38 0.0017* 5.3484586 
(N_RATE-81.5239)*(%_OM_FF-1.60012) -0.054407 0.010155 -5.36 <.0001* 3.9467032 
Table A11: Summary of fit data for moisture distribution equation for 17 Aug 2016 Harvest 
RSquare 0.685948 
RSquare Adj 0.65922 
Root Mean Square Error 1.187141 
Mean of Response 12.48978 
Observations (or Sum Wgts) 52 
Table A12. Parameter estimates for moisture distribution equation for 17 Aug 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 40.040696 13.78414 2.90 0.0056* . 
SAND_FF(%) 0.3005779 0.088808 3.38 0.0014* 1.0155192 
N_RATE 0.0415658 0.006232 6.67 <.0001* 1.016608 
ELEVATION_FF -0.619649 0.110881 -5.59 <.0001* 1.0188156 
(N_RATE-85.3846)*(ELEVATION_FF-95.0651) -0.002414 0.00406 -0.59 0.5549 1.0139798 
Table A13: Summary of fit data for moisture distribution equation for 3 Oct 2016 Harvest 
RSquare 0.711161 
RSquare Adj 0.65208 
Root Mean Square Error 1.176299 
Mean of Response 13.06359 
Observations (or Sum Wgts) 54 
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Table A14. Parameter estimates for moisture distribution equation for 3 Oct 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| 
Intercept -43.69238 18.96353 -2.30 0.0260* 
CalWetYld lb/ac 0.0008477 0.000542 1.57 0.1247 
SAND_FF(%) 0.4601396 0.157353 2.92 0.0054* 
N_RATE 0.0313894 0.006016 5.22 <.0001* 
TRUEDEEP_FF 0.7253806 0.306796 2.36 0.0225* 
ELEVATION_FF 0.0240775 0.117399 0.21 0.8384 
%_OM_FF 2.7932255 0.915223 3.05 0.0038* 
(CalWetYld lb/ac-4269.83)*(N_RATE-78.8889) -4.362e-6 1.451e-5 -0.30 0.7651 
(SAND_FF(%)-92.5733)*(TRUEDEEP_FF-2.04031) 0.0047583 0.16675 0.03 0.9774 
(ELEVATION_FF-95.2838)*(%_OM_FF-1.59791) -1.069452 0.384159 -2.78 0.0079* 
Table A15: Summary of fit data for moisture distribution equation for 28 May 2016 Harvest 
RSquare 0.825972 
RSquare Adj 0.77625 
Root Mean Square Error 0.680059 
Mean of Response 14.153 
Observations (or Sum Wgts) 28 
Table A16. Parameter estimates for moisture distribution equation for 28 May 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 10.075154 1.160732 8.68 <.0001* . 
SILT_FF(%) -0.448455 0.227867 -1.97 0.0624 1.0622687 
N_RATE 0.0404503 0.004757 8.50 <.0001* 1.1235736 
SHALLOW_FF -0.33076 0.312409 -1.06 0.3017 1.2295585 
%_OM_FF 1.3855804 0.463306 2.99 0.0070* 1.3375137 
(SILT_FF(%)-2.64401)*(%_OM_FF-1.64924) -2.009689 0.704314 -2.85 0.0095* 1.1477059 
(SHALLOW_FF-2.13221)*(%_OM_FF-1.64924) 4.039315 1.203983 3.35 0.0030* 1.0921916 
Table A17: Summary of fit data for moisture distribution equation for 14 July 2016 Harvest 
RSquare 0.471901 
RSquare Adj 0.431893 
Root Mean Square Error 1.949497 
Mean of Response 16.51733 
Observations (or Sum Wgts) 72 
Table A18. Parameter estimates for moisture distribution equation for 14 July 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 24.874556 12.39463 2.01 0.0489* . 
CalWetYld lb/ac 0.0005975 0.000394 1.51 0.1346 1.1808732 
SAND_FF(%) -0.169684 0.132875 -1.28 0.2061 1.2352263 
N_RATE 0.0560335 0.008744 6.41 <.0001* 1.0895001 
TRUEDEEP_FF -0.603752 0.276563 -2.18 0.0326* 1.2532112 
(CalWetYld lb/ac-6563.91)*(SAND_FF(%)-92.3553) 0.0005539 0.000234 2.36 0.0210* 1.0748747 
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Table A19: Summary of fit data for moisture distribution equation for 5 Sept 2016 Harvest 
RSquare 0.629253 
RSquare Adj 0.518029 
Root Mean Square Error 1.533387 
Mean of Response 21.68596 
Observations (or Sum Wgts) 53 
Table A20. Parameter estimates for moisture distribution equation for 5 Sept 2016 Harvest 
Term Estimate Std Error t Ratio Prob>|t| VIF 
Intercept 9.0822221 24.82746 0.37 0.7164 . 
CalWetYld lb/ac 0.0001397 0.000518 0.27 0.7887 1.4342784 
SILT_FF(%) -0.350369 0.385846 -0.91 0.3693 1.9835771 
CLAY_FF(%) -0.474411 0.243846 -1.95 0.0588 2.8023984 
N_RATE 0.05108 0.009045 5.65 <.0001* 1.497505 
TRUEDEEP_FF 0.1018927 0.482893 0.21 0.8340 3.0774027 
ELEVATION_FF 0.0711466 0.25461 0.28 0.7814 3.9182148 
%_OM_FF 2.1332073 1.128158 1.89 0.0659 3.1365313 
(CalWetYld lb/ac-5248.64)*(ELEVATION_FF-95.5157) 0.0001078 0.000303 0.36 0.7236 1.5739895 
(SILT_FF(%)-2.69734)*(TRUEDEEP_FF-2.0779) 0.8784502 0.737855 1.19 0.2408 3.6959859 
(SILT_FF(%)-2.69734)*(ELEVATION_FF-95.5157) -0.54214 0.263527 -2.06 0.0462* 2.2516364 
(SILT_FF(%)-2.69734)*(%_OM_FF-1.60012) -1.574958 1.820202 -0.87 0.3921 2.4377994 
(N_RATE-81.5239)*(%_OM_FF-1.60012) -0.043014 0.030353 -1.42 0.1642 1.6438389 
